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IMPROVED TECHNIQUE FOR THE RAMAN EFFECT 


By R. W. Woop 
Jouns Hopkins UNIVERsITY, BALTIMORE 


(Received September 15, 1930) 


ABSTRACT 


Mercury-arc excitation of Raman spectra. The unfiltered light from a mercury 
arc is not well suited for an analysis of Raman spectra. The confusion of interpreta- 
tion which may result is illustrated in the case of benzene. 

Filters for use with mercury arc.—The object of a filter is two-fold: the limita- 
tion of the excitation to light of a single wave-length (if possible) and the suppression 
of the continuous spectrum in the region in which the Raman spectrum appears. 
Raman spectra of benzene excited by the mercury arc through various filters are 
reproduced. Suggestions concerning the proper design and manipulation of arc, 
filter tubes and scattering tubes are given. 

Helium-arc excitation of Raman spectra—The use of the General Electric 
Company’s hot cathode helium arc as a source for Raman spectra excitation is 
described. The Raman spectrum of benzene excited by this source through a nickel- 
oxide glass filter is reproduced. 


HE ideal source of light for the study of the Raman effect should have 
a single very bright spectrum line, widely removed from other lines, 
and situated preferably in the region between 4000 and 4200A. The nearest 
approach to this is the hot-cathode helium arc, brought out by the research 
laboratory of the General Electric Company at Schenectady, with which I 
have been experimenting during the past winter. A number of photographs 
of Raman spectra made with a spiral helium discharge tube and a filter of 
nickel-oxide glass were published in the Philosophical Magazine for 1929,' 
and in this paper I stated that apparatus was in preparation for excitation 
by the helium arc. 
The mercury arc which has been used exclusively heretofore, suffers from 
a number of disadvantages, but as it will doubtless continue to be used by 
the majority of investigators, it appeared to be worthwhile to improve the 
technique for this method of excitation. 


Mercury Arc _ EXCITATION 
In the first place it is a great mistake to employ the total radiation of the 
a~c without filters. Consider, for example, the region between the 4358 
mercury line and wave-length 5100, shown in Fig. 1B which is the Raman 
spectrum of benzene excited by the mercury lines 4046-4077 and 4358-4348- 
1 R. W. Wood, Phil. Mag. 7, 744 (1929). 
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4339, the light being filtered through a concentrated solution of praseodymium 
which absorbs the continuous spectrum of the arc in the region of the Raman 
spectrum, and enables us to photograph fainter lines than would be recorded 
otherwise. It is obvious that more lines appear in this photograph than in 
any of the numerous ones of benzene that have been reproduced heretofore. 
This is due simply to the very perfect suppression of the continuous back- 
groand, which ordinarily drowns out the fainter lines, a matter which will 
be taken up in detail presently. 

As is now well-known the Raman spectrum of a large majority of organic 
compounds excited by Hg4358, consists of a group of lines in the region 
4400-4700 and from one to three or more strong broad lines at about :030 
which, for brevity I shall call the 3.34 band, the region between being free 
of lines. As I showed, however, in the paper on helium excitation,! the 3.3u 
band is, in some cases accompanied on both sides by companion lines or 
doublets and the work of the past winter with the helium arc has shown, 
in the case of benzene at least, that the companions extend down nearly half 
way across the region usually regarded as free of lines. This is shown by ig. 
1F—the Raman spectrum of benzene excited by the helium arc filtered 
through a nickel-oxide glass tube. Excitation is by the 3888 line at the left, 
two other helium lines appear (indicated) but all of the others are Raman 
lines. The spectrum has been enlarged to such a scale as to coincide with 
Fig. 1B, the spectrum of benzene already referred to. The “coincidence” is 
for lines of the Raman spectrum and not for wave-lengths, of course. The 
complexity resulting from the circumstance that in case B the spectrum 
is excited by five mercury lines is at once apparent. Its analysis is shown by 
the diagram above and by the two spectra below, Fig. 1, C and D. The 
former excited by 4358—-4348-4339 and the latter by 4046-4077. 

The spectrum of the mercury arc, in the region near the 3.3u band at 
5030 is shown by Fig. 1A’, No. 1 being the 4915 line. The short wave-length 
component of the 3.3u band is in coincidence with mercury line No. 3, and 
its relative intensity is thus enhanced unless this spectral region is filtered 
out of the exciting radiation, since all radiations present in the exciting light 
are scattered with an intensity several hundred times that of the strongest 
Raman lines to which they give rise. We see from the diagram at the top of 
Fig. 1 that the main part of the Raman spectrum excited by the 4358 group is 
overlaid with the 3.3u band and its companions, i.e., m and r are the 3.3u 
bands excited by 4046 and 4077, and correspond to the 3.3u band excited by 
4358, near mercury line No. 3 of Fig. 1A’. If now there are numerous com- 
panions of the 3.3u band, as is the case with benzene, the confusion resulting 
is obvious, and it is this circumstance that has been responsible for the nu- 
merous disputes over the assignment of the fainter lines of this substance. 

We may take for example lines 0, p, and g of Fig. 1B. Pringsheim and 
Rosen list only 0 and g giving incorrect assignments for both. This error was 
based on the assumption that r was excited by 4358 as well as by 4077, 0 
and g being considered as excited by the companions of 4358, all of which 
is incorrect. Kohlrausch and Dadieu list o and q, give a wrong assignment 
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to 0, deducing a frequency difference Av=3160 which is non-existent—and 
give no assignment for g. Bir claims that o does not exist, does not mention 
p, and gives a correct assignment for g. Séderquist omits 0, and gives correct 
assignments for p and q, thus verifying the doublet companion on the long 
wave-length side of the 3.34 band Av=3046-3060 which I found last year 
with helium excitation and which shows beautifully in Fig. 1, E and F, the 
former excited by the green mercury line and the latter by helium 3888. 

The 3.3u band has a strong companion on the short wave-length side Av = 
2947. In Fig. 1B this line, as excited by 4046 coincides with the line m 
excited by 4358 which gives Av=1178. Kohlrausch and Dadieu state in their 
paper that I “failed to find this line as can be seen by reference to their table 
of lines found by previous investigators.” Though absent in their table it 
was present in mine, and showed as well as a strong line in the reproduction 
of the spectrogram, though they state that it was not present. We thus see 
that m and o are the short wave-length components m and r, (the 3.34 bands 
excited by 4046 and 4077 respectively), while p and g constitute the long 
wave-length component (doublet) of ”, the corresponding component of r 
being hidden by the strong doublet st excited by 4358. They appear as faint 
lines in Fig. 1D at the extreme right, in which case 4358 has been filtered 
out of the exciting light. 

Uncertainties and errors such as those enumerated above are almost cer- 
tain to occur with unfiltered mercury arc excitation, and can be avoided only 
by the use of suitable filters. Even with filters we have to contend with the 
difficulty that all strong Raman lines excited by 4358 are accompanied on 
the short wave-length side by two fainter companions excited by 4348 and 
4339, while those excited by 4046 have a faint companion on the long wave- 
length side, due to 4047 excitation. 

Lines in Fig. 1B not mentioned above are as follows: 

a, the 3.3u band excited by Hg 3906 

bc, hi, kl, short wave-length companions of d, 7, and m excited by 4358 

(due to multiple excitation) 

e, f, excited by 4046, Ay2542-—2597 (see following paper). 

Filters for Hg-arc excitation:—We will now take up the subject of filters 
and how best to apply them. While the 4358 line is about four times as in- 
tense as 4046 it suffers from the disadvantage that the 3.3u band (with its 
real companions) which it excites falls in a region of very low sensibility of 
most photographic plates and of only moderate dispersion of the prism spec- 
trograph. The 4046 line, however, projects its entire Raman spectrum in 
the region of high and moderately uniform sensibility of the ordinary plate. 
The mercury lines 4077, 4108 and 4140 are superposed on the Raman spec- 
trum and are liable to conceal important lines. Some substances, however, 
cannot be excited profitably by 4046 on account of strong fluorescence. 
The object of the filter is two-fold, the limitation of the excitation to the 
light of a single wave-length (if possible) and the suppression of the con- 
tinuous spectrum of the mercury arc in the region in which the Raman spec- 
trum appears. 
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The most convenient mercury arc that I have found for Raman spectra 
work is the new model brought out recently by the Hanovia Company of 
Newark, New Jersey. Both electrodes are of mercury, which obviates the 
tungsten blackening, and the burner is enclosed in a metal housing which 
can be rotated on trunnions, which in turn have an up and down adjustment 
of several inches. With the housing in the horizontal position the burner is 
just below and close to a narrow rectangular aperture in the top and the 
Raman tube can thus be brought very close to it, with interposed filters. At 
first I used shallow glass dishes of “Pyrex” (Petri dishes used by the biolo- 
gists, superposing one above the other, when two solutions were used). The 
evaporation was rather rapid, however, even with air cooling by an electric 
fan. 

A much better method is to enclose the filter solution in a glass tube 5 
cm in diameter, which when mounted between the mercury arc and the Ra- 
man tube and as close to each as possible, acts as a cylindrical lens and filter 
combined. If two solutions are used, one of them is contained in an inner 
tube of smaller diameter, which is hermetically sealed. A concentrated solu- 
tion of cuprammonium sulphate sealed up in a large tube looks very promising 
as a filter but I have not fully tried it out. An electric fan placed close to the 
lamp and blowing over the top is sufficient to keep the tubes cool. The Han- 
ovia Company has obtained excellent results with a chimney attachment 
to the lamp, which I suggested they make up, and which causes a “down 
draught” through the slot in the top of the housing. With this attachment 
I hope to be able to dispense with the fan. (See Fig. 3.) 

Raman spectra of benzene made with various combinations of filters are 
reproduced in Fig. 1. Spectrum B was obtained with a tube 3.5 cm in dia- 
meter filled with a saturated solution of the praseodymium double salt fur- 
nished by the Welsbach Light Company of Gloucester City, Pennsylvania. 
In this case the excitation is by 4046 and 4358, the filter absorbing the region 
between 4375 and 4800 where most of the Raman lines are found. Spectrum 
C was obtained with a combined filter of praseodymium and sulphate of 
quinine in dilute sulphuric acid, which absorbs 4046 and 4077, the excitation 
being by 4358. Spectrum D was made with a filter composed of a solution 
of cobalt sulphocyanate, made by adding a strong solution of ammonium 
sulphocyanate to one of cobalt chloride. This filter reduces the intensity 
of 4358 to the point at which it fails to yield Raman lines, though the group 
of three lines records itself in the spectrum. A strong solution of iodine in 
carbon tetrachloride is even better for removing 4358 and a spectrum made 
with this filter is reproduced (Spectrum H.) This spectrum, however, shows 
strong fluorescence to the right of the 4358 group, which is at the middle of 
the spectrum. This fluorescence is due to the 3650 group of mercury lines. 
A less concentrated solution of iodine transmits 4358 freely, and can be used 
for the suppression of the continuous background. Spectrum G was made 
with a double filter, the inner tube filled with a very dilute solution of potas- 
sium chromate and the outer with the iodine solution. Potassium chromate 
can be used only if diluted to the point at which it shows only a trace of 
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yellow by daylight with the thickness employed, otherwise it absorbs 4358 
too powerfully. In this concentration it only partially suppresses the 4046 
group. Quinine sulphate in dilute sulphuric acid can be made sufficiently 
concentrated to completely suppress 4046 with practically no absorption of 
4358 but it turns yellow rapidly and requires renewal every half hour. 

The Zeiss Company makes a fluorescent glass (used in filter “C” in com- 
bination with cobalt glass) which appears to be similar to the Corning Noviol 
glass plates. I believe that a tube of this glass filled with a solution of iodine 
in carbon tetrachloride of moderate concentration, will prove the best filter 
for excitation 4358, and for 4046 excitation a strong solution of iodine con- 
tained in a tube of Corning “Noviol” 0, or “Nultra” of such thickness as to 
absorb 3660 and transmit freely 4046. If tubes of these glasses should not 
be available the iodine solution can be used in a tube of ordinary glass with 
a plate of the ultraviolet absorbing glass interposed between it and the Ra- 
man tube. I am informed by the Corning Company that their “Noviol A” 
is opaque to 4046 and transmits 50 percent of 4358, but I have not yet had 
the opportunity of comparing it with the Zeiss filter C. None of these glasses 
that I have tried however is much better than a solution of potassium 
chromate. By increasing the concentration of the solution 4046 can be 
practically abolished but only at the cost of increased time of exposure. 

The absorbing power of a potassium chromate solution for 4046 and 
4358 has been investigated by Mrs. M. Goeppert-Mayer in my laboratory. 
Her results are given in the following table, in which the two lines are re- 
garded as having equal intensity with no filter. c=concentration in grams per 
liter, d=thickness of the filter in centimeters. 
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This table shows very clearly just what can be accomplished: for example, 
4046 is reduced to 1 percent with a reduction of 4358 to 34 percent almost 
exactly the same figures as given for the Zeiss C filter. If the mercury arc 
is of the type that operates only in the vertical position the filter tube can be 
mounted alongside of it, and the cooling accomplished by the convection cur- 
rents in the fluid. The higher the tube, the more perfect the cooling. A tube 
4 cm in diameter and 70 cm in height will be found sufficient to carry off the 
heat. If there is no objection to water cooling, a shorter tube can be used, 
the upper end wrapped with several layers of tin-foil on which is wound a close 
spiral of copper or lead tubing, as shown in Fig. 2. 
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Fig. 2. 


One of the most important points is to prevent any stray light from reach- 
ing the slit of the spectrograph. The entire optical path, from the window of 
the Raman tube to the slit should be enclosed by tubes of black paper, as 
diffused light, reflected from the window of the tube, or the lens used in form- 
ing the image on the slit, gives rise to a continuous background. The arc 
should be operated in a light-tight box, well ventilated, however, and placed 
as close as possible to the aperture in the wall. 

If only very small quantities of material are available for study (10 cc or 
less) a form of tube which I described in a communication to the Faraday 
Society last year, may be used. It is shown one half natural size in Fig. 3. 
The Raman tube should be made of thin walled soft glass tubing (not Pyrex) 
about 13 mm in diameter, one end blown round and then flattened by holding 
it absolutely vertical above the tip of a very small bunsen flame which is 
burning quietly without flickering. If the tube is drawn off sharply at a right 
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angle preliminary to blowing the bulb the objectionable drop of glass at the 
center is avoided. Windows can be made in this way which give almost no 
distortion. A water-jacket tube about 23 mm internal diameter surrounds 
this tube, which is held in place by a rubber gasket at the bottom. These 
gaskets can be turned on a lathe from rubber stoppers with a sharp pen-knife 
as described in my first paper on the Raman effect? where more complete 
directions for making the flattened bulb are also given. After slipping the 
gasket over the tube the upper portion is drawn down as shown and painted 
with black “Duco.” The upper portion of the large tube is wrapped in tin- 
foil wound with a copper tube 3 or 4 mm in diameter, the space between 
being filled with water or a filter solution. Cooling is effected by water 
circulating in the copper spiral. A concave 3/4 inch cylinder of polished 
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Fig. 3. 


sheet aluminum is slipped around the inner tube on the side opposite the 
lamp, unless a filter solution which attacks aluminum is being used. The 
tube is illuminated with a capillary quartz mercury arc, almost in contact 
with the outer tube. 

A few words regarding the best method of pointing the collimator of the 
spectrograph down the axis of the illuminated tube and forming the image 
on the slit may be found helpful. 

In general, when the source of light is a long cylinder, seen end-on it is 
important to mount it at such a distance from the spectrograph that both 
ends of it can be fairly well focussed on the slit simultaneously. This means 
that the distance from the source to the lens should be much greater than the 
distance from the lens to the slit. If this condition is not fulfilled we are not 
utilizing all of the available light. 

With the eye in such a position that it is looking exactly down the axis of 
the tube, bring the end of the match stick (mounted in a clamp stand) directly 
in front of the pupil. This marks the position of the spectrograph slit. The 
The collimator is now pointed at the end of the tube, and the slit brought into 
coincidence with the end of the match. 


2 R. W. Wood, Phil. Mag. 6, 729 (1928). 
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Now look into the spectrograph from the position of the plate (i.e. from 
the focal plane of the camera) and if the aim has not been very bad, the end 
of the tube will appear as a small circle of light somewhere in the field of the 
camera lens. Next shift the spectrograph until the circle of light is in the cen- 
ter of the lens, keeping the slit position fixed. 

To form an image of the end of the tube on the slit two methods are 
available. If a large spectrograph is being used, a small circle of paper should 
be mounted over the end of the tube and strongly illuminated with a lamp. 
This can then be focussed at once on the slit. With small spectrographs I 
have found the following method very convenient. The lens is first mounted 
practically in contact with the slit and the spot of light in the camera lens 
watched. As the lens is moved towards the tube and away from the slit the 
spot of light graudally enlarges, finally filling the entire field of the lens, The 
lens should be moved so as to keep the spot centrally placed in the field, and 
when the whole field is uniformly illuminated, the lens is in the correct posi- 
tion. This method enables us to utilize the brightest part of the source, if 
the illumination is not uniform, for, as the spot enlarges the attention can be 
focussed on the bright portion and this is then made to fill the field. 


HELiIuM Arc EXCITATION 


Through the courtesy of Dr. Dushman of the Research Laboratory of 
the General Electric Company I was supplied with a hot cathode helium 
arc. This is more troublesome to operate than the mercury arc, as it requires 
a current of 9 amperes for heating the filament and 220 volts direct current 
for excitation. The filament current was supplied by a very inexpensive 
transformer, operated from the 110-volt A.C. mains, and the lamp started 
by spraying the tube with sparks from a small high-frequency apparatus 
(leak tester). 

A tube of Pyrex glass with a window fused to one end was surrounded by 
a tube of nickel-oxide glass and mounted as close as possible to the helium 
arc, the whole being surrounded by a cylindrical tube of very thin and highly 
polished sheet aluminum, made by rolling up a rectangular piece of suitable 
size on a cylinder somewhat smaller than the size desired. The tube springs 
open to the desired diameter and can be still further opened and slipped over 
the other tubes. Sheet aluminum of this description is now obtainable com- 
mercially and is most useful for making reflectors of various shapes. There 
seems to be little point in going to the trouble of ellipsoidal reflectors as some 
investigators have done. Equally good illumination can be secured as de- 
scribed above, for the source is so large that only a small fraction of it is at 
the focus point, and the ellipsoid functions only for radiations originating at 
the focus. With the cylinder practically all of the light emitted by the arc 
gets into the Raman tube, with the exception of that lost by absorption. A 
large tube of Pyrex glass, silvered on the outside, similar to the reflector which 
I described many years ago in connection with the excitation of the resonance 
spectra of iodine, would give rather stronger illumination, but the aluminum 
is less troublesome and easier to fit over the tubes. The helium arc was sup- 
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ported in V-shaped notches lined with asbestos on two wooden upright sup- 
ports, and the Raman tube, with its cover of nickel-oxide glass held in an 
iron clamp as shown. The end of the tube was drawn off obliquely and ex- 
panded into a bulb, to take care of expansion of the fluid. The tapering por- 
tion was painted with black “Duco” to secure a black background. Cooling 
was accomplished with the blast of an electric fan, directed into the aluminum 
cylinder by a paste-board cone. I have found nothing as good as this arrange- 
ment for investigating the region in the vicinity of Ay=3060. The only 
objection is the presence in the Raman spectrum of the helium lines 3964 and 
4026. The Raman spectrum of benzene excited in this way is reproduced 
in Fig. 1, Spectrum F, which will be more fully considered in the following 


paper. 





a es 














NOVEMBER 1, 1930 PHYSICAL REVIEW VOLUME 36 


RAMAN SPECTRA OF BENZENE AND DIPHENYL 


By R. W. Woop 
Jouns Hopkins UNIVERSITY, BALTIMORE 


(Received September 15, 1930) 


ABSTRACT 


Raman spectrum of benzene.—By employing suitable filters with both mercury- 
arc and helium-arc excitation a number of new lines have been recorded. The com- 
plete spectrum given in frequency differences, Av, is as follows: Av =606, 849, 992, 
1178, 1584, 1603, 2460, 2542, 2597, 2617, 2784, 2928, 2947, 3046, 3060, 3164. Anti- 
Stokes lines corresponding to Av values 606, 849, 992 are verified. 

Raman spectrum of diphenyl.—With mercury arc excitation and quinine 
sulphate filter fair spectra were obtained though the continuous background due 
to fluorescence was troublesome. The spectrum consisted of five faint diffuse lines 
and seven strong lines. Their Av values are: 416, 606, 731, 766, 810 (these are very 
faint) and 990, 1023, 1280, 1544, 1584, 1603, 3055, 3170. It will be noted that six 
of the lines are found in the spectrum of benzene. 


HE Raman spectrum of benzene has been rather fully discussed in the 

previous paper, from the point of view of the assignment of the fainter 
lines, and it has been shown, that by employing suitable filters, and taking 
great precautions in the matter of excluding diffused and reflected light from 
the spectrograph, a number of new lines have been recorded in the region 
of the spectrum usually regarded as devoid of Raman radiations. This region 
lies between the main part of the Raman spectrum and the strong group 
corresponding to a frequency difference of about 3050, associated on the 
elementary theory with the absorption bands at 3.3u. The complete spec- 
trum of benzene, given in frequency differences, as I now believe it to be, is 
recorded in the following table. 


TABLE I. Complete Raman spectrum of benzene. Frequency differences, Av. 











606 2460 2928 
849 2542 2947, 
992 2597 3046 
1178 2617 3060 sStrons 
1584 2784 3164 
1603 3183 








The anti-Stokes lines of frequency difference 990 and 605, the former 
being reported in my first paper confirming Raman’s observation, have 
been obtained beyond any question with excitation by both the violet and 
green mercury lines. 


THE ANTI-STOKES LINES 


Raman, in his first paper, reported two anti-Stokes lines for benzene of 
frequency 23928 and 23541 with excitation by 4358, the former of which I 
verified in my earliest experiments. These observations have not been 


1431 





1432 R. W. WOOD 


confirmed by other observers, and Kohlrausch and Dadieu express doubt 
of their existence, claiming that with better conditions of illumination no 
trace of the lines was found. There seems, however, to be no doubt as to 
their existence as they appear distinctly on several of my plates. Their wave- 
lengths are given in the following table, designated by the minus sign. 


TABLE II. Anti-Stokes lines of benzene. 








» Excit. A Av Fi'ter 
—4178 4358 990) 
4181 4077 606 > praseodymium only 
4190 4046 849 | 
— 4246.7 4358 605 praseodymium and quinine 
— 5180 5461 993 copper chloride neodymium 


and bichromate of potash. 











Photographs showing the anti-Stokes lines are reproduced in Fig. 1 of 
the preceding paper (two small strips to the left marked I and J). The 
upper strip was printed from the same spectrogram as that reproduced in 
spectrum B, this portion lying between Hg 4046 and 4358 where the anti- 
Stokes lines excited by 4358 are found. The line—4178 (anti-Stokes) shows 
faintly on the negative while the lines 4181 and 4190 are strong. The three 
lines are indicated by ink marks at the bottom. The lower strip was made 
from a negative made with a quinine filter, lines 4181 and 4190 being absent 
while the anti-Stokes line —4178 comes out strong. The other line —4246.7 
shows on the negative, but not on the print. The position of the two lines is 
indicated by dots below the spectrum. The 4246 line being nearly in coin- 
cidence with a strong line excited by 4046. 

The first three lines were obtained with a praseodymium filter only, 
excitation being by the 4046 and 4358 groups. With praseodymium and 
quinine, lines 4178 and 4246 were obtained only, and with cobalt sulphocyan- 
ate 4181 and 4190 only. The proximity of the anti-Stokes line 4178 to the 
stronger line 4181 makes it seem possible the two may have been confused 
in the earlier investigations. 

Line —5180 was obtained on the plate with excitation by the green line 
5461. In the case of the excitation by helium 3888, Spectrum F (Fig. 1 of 
preceding paper), two faint lines appear between the doublet 1603-1584 
and the 1178 line. The right hand one 44127 I have identified as Av990, 
excited by helium 3965, which is passed with some intensity by the filter. 
The other \4114 I cannot account for. If excited by 3888 it would give a 
Av of 1403, but no trace of such a line appears with any other type of excita- 
tion. 

Spectrum E was taken with a filter of copper chloride, bichromate of 
potash and neodymium (a single solution). This transmits the green mercury 
line, with a trace only of the yellow lines. Mercury lines appearing in the 
Raman spectrum are marked with white dots, 577 and 579 being the most 
conspicuous. This photograph was made on an Ilford panchromatic plate, 
as the 3.3u band lies in the red region. 








| 
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New lines appear in the region to the right and left of the strong double 
band Av3046-3060, most clearly recorded with helium excitation. Th re 
seems to be evidence of a variation in the position and number of these lines 
with the type of excitation, as can be seen by comparing Spectrum F with 
Spectra E and D, but this matter requires confirmation with more perfect 
filters and purer benzene. The subject is now under investigation. All 
other cases, in which a difference in the Raman spectra with different excit- 
ations has been suspected, have been shown to be spurious. 

The Raman spectrum of diphenyl has never been reported, so far as I 
know. It should be of interest in connection with the benzene spectrum as 
diphenyl consists of two benzene rings linked together at one corner. Its 
spectrum was photographed with the apparatus described in the preceeding 
paper for the investigation of substances available only in limited quantity. 
The water circulation in the coil was cut off, and the radiation of the quartz 
capillary arc was sufficient to keep the water in the outer tube above the 
fusion point of the diphenyl; and a minute pointed gas flame placed a few 
centimeters below the window of the tube kept the material fluid below the 
water level. The diphenyl was distilled in the high vacuum of an oil pump 
directly into the Raman tube, which was then hermetically sealed with a 
flame. I am under obligation to Mr. George B. Collins who gave much 
assistance in this part of the work. 

The material was so powerfully fluorescent under the total radiation of 
the mercury arc that practically no trace of Raman lines appeared; but with 
sulphate of quinine in the water cell, very fair spectra were obtained; though 
the continuous background due to fluorescence was still very strong even in 
this case. Better results are hoped for by excitation with the green line or by 
the 4381 line of helium. The spectrum consisted of a group of five faint 
diffuse lines just barely visible on the continuous spectrum and seven strong 
lines, some of which coincided with benzene lines. They are given in the 
following table 


TABLE III. Raman spectrum of diphenyl. 

















Diphenyl Benzene 
Int. Av 
(4439 Qi) 416 
4477 ( 606 , 4476 
very faint;4502 (0) 731 
|4509 (0) 766 
(4518 (0) 810 
4557 (6) 990 4556 (50) 
4562 (2) 1023 
4616 (4) 1280 
4673 (1) 1544 
4684.5 (6) 1584 4682 (8) 
4687.5 (8) 1603 4086 (6) 
5029 3055 5029 
5048 3170 5048 








The first five lines form the diffuse group referred to above. Their wave- 
lengths have not been very accurately determined as they were obtained 
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only with a spectrograph of small dispersion. One of them appears to coin- 
cide with a benzene line. The line 990, and the double line 1584-1603 
of benzene appear, but 1178 is missing. The line 3170 is fairly strong with 
diphenyl but very weak with benzene, while 2947 is absent. Line 4557 of 
diphenyl has about the same intensity as the double line 4684-4687, while 
the same line of benezene is six or eight times as intense as the doublet. 
Spectra of benzene and diphenyl are reproduced in coincidence in Fig. 1 
of the previous paper (Spectra K and L). They were not enlarged to exactly 
the same scale, which accounts for the slight discrepancy in coincidence. 





' 











NOVEMBER 1, 1930 PHYSICAL REVIEW VOLUME 36 


HEATS OF CONDENSATION OF ELECTRONS ON SEVERAL 
METALS IN SEVERAL IONIZED GASES 


By C. C. VAN VoorRHIs, PRINCETON UNIVERSITY AND 
K. T. Compton, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


(Received September 17, 1930) 


ABSTRACT 

Heats of condensation ¢_ of electrons on electrodes of Mo, Pt and W coated with 
K were measured in the ionized gases A, Ne, He, Nz and He, by measuring the heat 
developed in Langmuir collectors of tuese metals when a known number of electrons 
of known energy were received by it. The values of ¢_ varied as expected for the 
different metals, but also showed decided dependance on the surrounding ionized 
gas, even though this were a highly purified inert gas. The highest and lowest values 
recorded were 5.21 volts for Pt in Neand 0.93 for W+K in He. There is evidence that 
the specific effect of a purified gas is due to its ions rather than its neutral atoms. 
The accuracy of the experimental determinations is well within 1 percent. 


A previous paper! a method for measuring the heat of condensation 
¢- of electrons upon a metal collector in a gas discharge was described in 
detail. This method makes use of a small spherical Langmuir collector in 
which is imbedded a thermocouple. From the electron currents and the rates 
of heating at two different potentials (both somewhat negative to the space 
potential) and the application of some minor corrections, @_ is obtained. 
Continuing with the same type of apparatus, additional measurements have 
been made on collectors of several metals in several gases. The inert gases 
used were all purified in the vacuum system by “misch metal” arcs, and the 
other gases were prepared and purified as previously described. 

Corrections for the effect of contact potential difference between the col- 
lector and anode, hereafter called C.P.D., (corrections not applied in the 
previous paper) were found to be very necessary in order to get consistent 
results under some of the experimental conditions. This was due to vari- 
ations in the C.P.D. following cleansing of the surface of the collector by 
positive ion bombardment, and was particularly evident when measurements 
were being made with a Pt collector. After the collector had been bombarded 
with positive ions accelerated by a field of a few hundred volts in order 
thoroughly to clean the surface and remove adsorbed gas layers, it was 
noticed that the electron current to the collector gradually increased while 
the potential of the collector, which was slightly negative to the space, was 
kept at the same value with respect to the anode, the general arc conditions 
remaining the same. The change in collector potential necessary to reduce 
the collector current to the value it had immediately after bombardment, 
is the change in C.P.D. Table I gives a typical set of results for platinum in 
argon extending over a period of about 1 hour after bombardment. 


1K. T. Compton and C. C. Van Voorhis, Proc. Nat. Acad. Sci. 13, 336 (1927); C. C. Van 
Voorhis, Phys. Rev. 39, 318 (1927). 
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TABLE I. Effect of contact potential difference change. 























Calculated from Change in ¢~ Calculated for freshly 
observations om A 5 I bombarded collector 
4.85 volts 0.05 volts 4.90 volts 
4.78 .14 4.92 
4.68 ona 4.90 
4.65 .26 4.91 
4.65 a 4.92 











When the previous paper was published there was considerable uncer- 
tainty as to the specific heat of molybdenum, the material of which the 
spherical collector had been made. Since then measurements of the specific 
heat of Mo have been made in two independent investigations? the results 
agreeing within 1 percent in the range of temperature concerned in our 
measurements of d_. The present paper includes the revised results obtained 
by using these new specific heat values, as well as the results of some new 
measurements of @_ for Mo in He, Ne and two gases previously used, A and 
N. The repeated measurements were made to take account of whatever 
C.P.D. change there might be. However, as will be seen from the result 
given in Table II, this effect was negligible in the measurements previously 
made in A and was small in N. 

The results of these measurements are assembled in Table II. 

TABLE II. Values of ¢. and C.P.D. changes, A, in volts. Ais the change in C.P.D. measured 
from the instant at which the positive ton bombardment (for cleansing the surface) was stopped. 





Collector | Argon Neon Helium | Nitrogen H2+inert gas 
Material | $- A i *& A o- A | A | o- A 
Mo 4.14 0-0.2| 3.69 00.1) 3.53 00.1] 4.47 00.1 | 
Mo* | 4.12 ? - = | = = |] 430° 2 | 3.79 2 
(4.19)$ ? | (3.47) ? 
Pt | 4.89 0-0.514.61 0-0.3 | 4.39 0-0.2 | 5.21. 00.4 | 3.9+0.6 
W+Kf ai 0 1.05 0 | 0.93 0 | — — - 





* Old results! corrected by use of better specific heat values,?"* but not for C.P.D. changes, 
which were not measured. 

+ W+K was a tungsten collector coated by distillation with potassium. 

t ( ) are doubtful, being perhaps due to a spurious C.P.D. change caused by some im- 
purity. These lower values were not found with the new tube. 


GENERAL DISCUSSION OF RESULTS 


Results in the inert gases. When the previous paper! was published, we 
believed that the value of ¢_ of a metal obtained in an inert gas discharge 
by this method would be the same as @¢_ obtained by thermionic methods 
in a high vacuum, after correcting for the large difference in the temperatures 
involved in the two methods. The results show, however, that in gas dis- 
charges even in the inert gases the value of ¢_ for a given metal depends upon 
the gas, for the values in A, Ne and He, respectively, differ from each other 
by amounts much larger than the experimental errors involved. We believe 


2 J. E. Stern, Phys. Rev. 32, 298 (1928). 
3 D. Cooper and G, O. Langstroth, Phys. Rev. 33, 243 (1929). 
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that these differences are not due to differences in the amounts of active 
impurities in the respective inert gases, because the values of ¢_ appear to be 
perfectly definite and reproducible, once the gas and apparatus are well 
cleansed, and are not modified by further strenuous purification. 

Because of the following results obtained in mixtures of inert gases we 
suggest that these differences in the values of ¢_ may be due to a layer of gas 
atoms or positive ions, probably the latter, on the collector. With a Pt col- 
lector in a 50%—50% Ne-—A mixture, ¢~ was 4.92 and 4.78 volts in 16 
and 22 volt arcs respectively. In a 75%—25% He-—A mixture ¢_ was 
4.80 and 4.68 volts in 18 and 30 volt arcs respectively and in a 50%—50% 
He-A mixture ¢_ was 4.91 and 4.77 volts in 18 and 30 volts arcs respectively. 
Thus with an arc voltage lower than the ionizing potential of one of the gases 
in the mixture, the value of ¢_ is near that characteristic of the gas with the 
lower ionizing potential, but with an arc of voltage high enough to ionize 
both gases, the value of @_ is between the values of the two pure gases. 

Also after the collector was bombarded with 200-300 volt positive ions 
in an inert gas mixture the C.P.D. increased for a short time immediately 
after bombardment when the arc voltage was high enough to ionize both 
gases, but when the arc voltage was high enough to ionize only one gas the 
C.P.D. decreased immediately after bombardment. This effect was rather 
small but was found in 50%-50% mixtures of any two of the inert gases used. 
Thus in the A—He mixture with a 30 volt arc the C.P.D. increased about 
0.02 volt to a maximum in about 15 seconds, then decreased about 0.06 
volt in the next minute; but with an 18 volt arc there was only the decrease 
of 0.06 volt starting immediately after bombardment. In the A-Ne mixture 
with a 25 volt arc the increase in C.P.D. was 0.015 in the first 30 seconds and 
then a decrease of 0.06 volt in the next two minutes, while with a 17 volt arc 
there was only the 0.06 volt decrease in C.P.D. during about 150 seconds after 
bombardment. In the He-Ne mixture with a 30 volt arc there was an increase 
in C.P.D. of 0.05 volt in 30 seconds and then a decrease of 0.09 volts in the 
next two minutes, whereas with a 21 volt arc there was only a decrease of 
about 0.06 volt in about 35 seconds starting immediately after bombard- 
ment. 

These results, indicating that the specific influence of the inert gas on 
_ is due to its ions rather than to its atoms, further suggest that it arises 
from the halogen-like character and hence great chemical activity of the 
ions, which may lead to a prolonged period of attachment of the ion to the 
metal during the process of its neutralization. If each incoming positive ion 
were to remain in contact with the surface for 0.001 second the surface 
would be about 10 percent covered with ions. 

General discussion. The new results for ¢_ with a Mo collector in argon 
(see Table II) agree well with the corrected results from the former measure- 
ments while in nitrogen the new ¢_ value differs from the old higher value by 
about the amount of C.P.D. corrections, but with the new tube there did not 
seem to be enough evidence of a lower value also, to warrant its inclusion 
in the table. The values of ¢_ with a Pt collector have been calculated with 





1438 C. C. VAN VOORHIS AND K. T. COMPTON 


the use of the specific heat equation Cr = 0.03165 +0.0000060/, based on the 
results of Magnus‘ and White,® and show the same order of variation as 
with Mo in the inert gases and nitrogen, but the values of ¢_ with hydrogen 
present in the discharge were quite variable and not at all reproducible. It 
was not possible to maintain the discharge in pure hydrogen and though the 
hydrogen content of the gas mixtures was “cleaned up” rather rapidly, this 
is not the whole cause of the variableness of the results as the changes were 
not progressive but more or less random. 

Similar variableness in results was found in the measurements of ¢_ 
with a tungsten collector in argon, the values obtained ranging from 2.0 
to 3.2 volts, in spite of prolonged attempts to get steady conditions. The 
fact that the tungsten used was ordinary thoriated “C” grade used in the 
lamp industry may account for these low values and the variableness of 
these results, but, because of this uncertainty, the values are not recorded in 
Table II. After a small amount of potassium had been vaporized into the 
discharge tube in the neighborhood of the W collector, the results were quite 
steady and reproducible, giving the values recorded in Table II. The specific 
heat equation used in calculating the W results was Cr = 0.03194 +0.00000613t 
from Zwikker* which is in good agreement also with the more recent results 
of Magnus and Holzmann.’ With the potassium in the discharge tube no 
C.P.D. change was observed. 

Accuracy of the results. The mean values given in Table II are the means 
of from 10 to 50 separate determinations of ¢_ none of which differed from the 
mean by more than 0.10 volts, the rare values having a larger variation 
being discarded. Also each mean value is the result of averaging the results 
from at least three fillings of the gas used, in many cases other fillings of 
other gases being interspersed. In many cases under good experimental con- 
ditions the maximum variation in a series of 6 to 8 results would be less than 
0.05 volts. 

A small correction® to take account of reflected electrons probably should 
be made. Any such correction should be subtracted from the values given for 
g_ since the reflected electrons have delivered some of their energy to the 
collector. Just how large this correction should be is rather difficult to est- 
imate since the average incident energy of the electrons is of the order of one 
volt and the measurements of Petry® and others have shown that the reflec- 
tion coefficient of slow electrons varies greatly with the surface conditions 
of the collector. However, since the reflection coefficient is small for slow 
electrons striking a collector covered by a gas layer we believe this correction 
to be less than 0.10 volt. In any case such a correction is too small and in the 
wrong direction to account for the difference in ¢_ in the different inert gases. 


* A. Magnus, Ann. d. Physik 48, 997 (1915). 

5 W. P. White, Phys. Rev. 12, 436 (1918). 

° C, Zwikker, Zeits. f. Physik 52, 668 (1928). 

7 A. Magnus and H. Holzmann, Ann. d. Physik 3, 598 (1929). 

§ The need for such a correction was called to our attention by H. M. Mott-Smith after 
the publication of the previous paper. 

* R. L. Petry, Phys. Rev. 26, 346 (1925) and Phys. Rev, 28, 362 (1926). 
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CONCLUSION 


Our results show conclusively that ¢_ in a gas discharge depends not only 
upon the material of the collector or cathode but also upon the gases in which 
the discharge takes place even though very pure inert gases are being used. 
Even a very slight impurity in the gas or collector material may lower the 
value of @_ by a large amount. Consequently in evaluating the energy bal- 
ance at the electrodes, fairly large errors may be made unless the value of 
¢_ for the existing experimental conditions is determined and used in the 
calculations. 

In conclusion we wish to express our thanks to Mr. Donald C. Archibald 
who helped with the experimental work upon which this paper is based. 
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CORRELATION OF ATOMIC J VALUES AND MOLECULAR 
QUANTUM NUMBERS, WITH APPLICATIONS TO 
HALOGEN, ALKALINE EARTH HYDRIDE, 

AND ALKALI MOLECULES 


By Ropert S. MULLIKEN* 
RYERSON PuysICcAL LABORATORY, UNIVERSITY OF CHICAGO 


(RECEIVED AvuGustT 22, 1930) 


ABSTRACT 


Rules are given for determining the 2 values and symmetry properties of the 
molecular states obtainable from the union of two atoms with specified J values, as- 
suming case c coupling in the molecule. These are used to determine the correlation 
of molecular A and S values with atomic J values, for cases where there is strong L, S 
coupling in one or both atoms. The correlation rules are applied to I1+1, Hg+H, and 
Cs+Cs. Difficulties which exist when a similar correlation is attempted in cases 
where the LZ, S coupling is weak (e.g. Mg+H, or Na+Na) are discussed. Electron 
configurations and dissociation products are discussed in some detail in the case of the 
halogen molecules, and an interpretation is given, in terms of electron configurations, 
of the analogies and differences between the spectra of the members of homologous 
series of molecules such as Fo, Clo, Bro, Is, or Liz, Naz, Ko, ..... 


STATEMENT OF THE PROBLEM 


IGNER and Witmer! have given rules for completely determining, in 

terms of A and S values and symmetry properties, the possible molec- 
ular states which result from the union of two atoms with specified L and 
S values L,S,L2S2 and specified symmetry character (even or odd). Most of 
the results given by these rules can be obtained very simply? by assuming 
negligible L, S couplings in the atoms and determining the possible values 
of the projections M,, and J/,, of L; and Le on the internuclear axis, and 
from these the possible A values (A= |Mz,+Mz,|). The resulting S values 
are S,:+ Se, SitSe—1,---, |Si— Se , once for each M,,, M1, combination. 
In the case of two atoms of the same element*’, in unlike states,’ each molec- 
ular state of given M/,,, Mz,, and S occurs twice, there being always one 
even (g) and one odd () state. For like** atoms in the same state,’ the number 
of molecular states is, however, not doubled. Here a consideration of the way 





* Fellow of the John Simon Guggenheim Memorial Foundation. 

1 E. Wigner and E. E. Witmer, Zeits. f. Physik, 51, 883 (1928). 

2 The method here indicated was first used by F. Hund. Wigner and Witmer later, by a 
more rigorous method, cleared up some doubtful points, and determined the symmetry proper- 
ties of the molecular terms. 

% The electron states of a molecule composed of two different isotopes of one element are 
not quite strictly, but are for all practical purposes, g and u. In respect to the rules given in 
this paper, different isotopes of an element may be regarded as identical. 

3 “The same state” here means the same set of m’s and /’s and the same L and S, but not 
necessarily the same J’s or M’s. “Unlike states” means here states differing in some way other 
than in the J’s or M’s. 
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in which (in zeroth approximation) the atomic combine to give the molec- 
ular wave-functions is required to determine which molecular states are g 
and which are u. When A=0, it is necessary to distinguish 2+ and =~ states. 
When A=0 results from M,z,=—M_z,, there is always one 2+ and one 2- 
state, derived from a splitting up of the degenerate pair +M ,,—M_z, and 
—M1,+M1,. When A=0 results from M,;,= M_z,=0, however, a considera- 
tion of the forms of the atomic and molecular wave-functions is required to 
determine whether the resulting state is 2+ or =~. The complete set of rules 
for all cases is given in convenient form in a recent paper by Hund.‘ These 
rules are applicable to case a or 6 molecular states and hold regardless of 
whiether or not the initial assumption of negligible L, S couplings in the atoms 
is true. 

In cases where the actual LZ, S couplings are strong, so that atomic states 
with different J values differ considerably in energy, it is of interest to deter- 
mine the molecular states capable of being formed from two atoms with spe- 
cified L, S, and J values. For case a or b molecular states we should like to 
know to what J values (Ji, Je) each state of specified A and S (and 2 in case 
a) corresponds. The solution of this problem unfortunately cannot be given 
completely in terms of simple rules like those for the less detailed problem of 
the correlation of A and S with L,S,L2S9. It can, however, be divided into 
two steps, for the first of which simple rules can be given. These steps are 
(1) determination of the possible 2. values, assuming case c coupling, for each 
pair of atomic J values (J;J2), and (2) correlation of each such state of given 
Q with one of the case a or b states whose A and S values are known from the 
Hund-Wigner-Witmer rules. 

The results of the first step are of course directly applicable to case c 
molecular states, where A and S lack meaning, for example to certain excited 
states of the halogen molecules.' It should also be noted that molecular 
states which for r near r, have case a or b coupling tend normally to pass 
through case c when r is increased toward dissociation. Similarly, molecular 
states which have case c coupling for r~r, and >r, tend to go over to case a 
or 6 coupling when r is decreased. 


RULES FOR CORRELATION OF 2 VALUES AND ATOMIC J VALUES 


The problem of determining the 2 values of the molecular states derived 
from atoms with given J values is similar to that of the determination of A 
values when atomic L values are given. Most of the results can be obtained 
very simply, by considering the Q2 values resulting from the possible projec- 
tions M, and Mz of J; and Jz on the internuclear axis. For atoms of different 
elements, the 2 values are determined, if Q>0, by Q= |\.+M: |. When 2=0, 


‘F. Hund, Zeits. f. Physik, 63, 723, 1930. 

5 R.S. Mulliken, Phys. Rev., 36, 699 (1930). This article unfortunately contains a num- 
ber of minor errors, mainly typographical (e.g. use of small x for large I). 

® Cf. Ref. 5, p. 702 and ref. 10, for definition and discussion of 0* and 0~ states, and nomen- 
clature and selection rules for case c. 

? This is exactly analogous to the fact that when A=0 results from M,, = — Mz, (cf. text, 
above), there is always one =* and one =~ state. 
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we have to distinguish 0+ and 0- states. When Q2=0 results from 1, = — Me, 
there is always one 0* and one 0~ state, derived from the degenerate pair 
+1f,-—Mezand —14,4+ Me.?7 When Q2=0 results from MW, = M,.=0, a consider- 
ation of the atomic and molecular wave-functions is required to determine 
whether the resulting state is 0+ or O-. In the case of two atoms of the same 
element but in unlike states, each molecular state given by the above results 
is replaced by one even (g) and one odd () state.’ By “unlike states” are 
here meant atomic states which differ in respect to at least one quantum 
number, even if only in respect to J or M. (Weare using the terms “like” and 
“unlike” states here in a different sense than in Ref. 3 and in a previous 
paragraph.) For like atoms in the same state (i.e. identical in all quantum 
numbers including J/), the number of derived molecular states is the same 
as in the case of two unlike atoms. The symmetry (g or 7) of such states 
can be determined by means of rules given by Wigner and Witmer.’ The 
complete set of rules for the determination of the possible Q values derivable 
from two atoms having specified J values can be conveniently expressed 
as follows:!° 

A. Unlike Atoms 


Let J:2>Je. The possible 2 values are as follows: 


JitJe2Ji:+J2—-—1,:-:-, 
JI: +J3—1,:::, 


or 0+ 


or 0- 


tol tol 


J, — Jo,-++,% or OF or O- 


If Ji +Je is half-integral, the smallest Q value is 3. If J; and Je are both 
half-integral, the lowest 22 value is 0, and there are equally many 0*’s and 
0-’s. If J; and Je are both integral, there is an odd number of 0’s and the 
odd one (which appears in the last line in the table of 2 values just given) is 
0+ or O- according as the sum Ji +J2+ 2/,;+ Zl. (where J, and J, refer to the 
l values of the individual electrons in atoms 1 and 2), is even or odd. 


B. Like atoms in states differing in J vr in some other quantum number, 
other than M. The results are the same as under A, except that there is one 
odd (u) state and one even (g) state in place of each state given under A. 


C. Like Atoms in States Alike in all Quantum numbers with the possible 


8 Cf. Wigner and Witmer, /. c. p. 878-9, Band C. 

* Cf. Wigner and Witmer, /. c. p. 879, C. Wigner and Witmer’s “positive” and “negative” 
eigenfunktions are (in the case discussed in p. 879, C) respectively “even” and “odd” in the 
mode of description used here. 

10 The relations given by these rules all follow directly from what has already been said 
together with what is said in Refs. 8-9, with the exception of (a) the rule under A for determin- 
ing the symmetry character of the odd 0 in the case where J; and J2 are both integral, and (6) 
the rule under C according to which for 0 states derived from like atoms in the same state, only 
0+, and 0-,, but not 0*, or 0-,, are possible. These last rules follow indirectly from the 
results (J. c., pp. 877-883) of Wigner and Witmer. or directly from a consideration of atomic and 
molecular wave functions. 
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exception of M. The results are the same as with J,+Jz2 integral under A, 
except that approximately half the states are even, half odd according to 
the following schemes (here we write J in place of J; and J2): 

(1) J integral (numbers of electrons even in each atom) 


(2J) 9, (27 — 1)9, (2 — 2)g,---, (Ot), 
(2J = | (2J ae 2) us sd (0-)u 


(2J —_ 2) 0 pits (0*), 
(0*), 
(2) J half-integral (number of electrons odd in each atom) 
(2J)uy (2J — 1)uy- ++, (O)a 


(2 — 1)9,°--, (Ot), 


(0*), 


CORRELATION OF MOLECULAR A AND S VALUES WITH ATOMIC J 
VALUES. DIscussION oF I+I AS AN EXAMPLE 


Let us now consider, as an example for the correlation of molecular quan- 
tum numbers with atomic J values, the union of two identical™ halogen atoms, 
e.g. two I atoms, each in its *P normal state (L;=L.=1,S,=S,=}, 
Ji=%3 or 13, Je=} or 13). First we must determine the Q values. If 
both atoms have J=1}3, we have the following possibilities: (@) M,= +1}, 
Me= +13, Q=3,, OF, OF; (0) Mi= +1} or +3, Me= +} or +13, Q=2,, 
25, 19, lu; (Cc) Mi=+3, Me= +3, Q=1,, OF, OF. If one atom has J=1}, 
the other J=3, we get: (a) from J:=1}, Mi= +1}, Jo=43, Me= +}, and 
Jo=14, Me= +13, i=}, Mi=+}, Q=2,, 2., 1,, 14; (6) from J,;=1}, 
M,= +3, Je=}, M:= +3, and Ji =}, M,= +3, Je= 14, M.= +3, Q=1,, Res 
0+, O+, OF, OF. If both have J=}, we have M;=+}3, Me=+}, Q=1,, 
0,07. (The M’s have been written out in detail here in order to help make 
clear, through an example, the relations of the 2 values and symmetry pro- 
perties to the M values.) Summarizing, (13, 13) gives one each of 3,, 2,, 2u, 
and 1,, two each of 1,, 07, and 07; (13, 3) gives one each of 2,, 2,, O¢, 0,+, 
07, and 0,7, two each of 1, and 1,; (3, 3) gives one each of 1,, 07, 0. 

For sufficiently small r values, we expect case a or 6 coupling. The corre- 
lation between large and small 7 values can be made (tentatively: cf. last 
section, on Qualifications and Difficulties) by means of the rules: the lowest 
0; state for large r (case c) goes over into the lowest 0; state for small r 
(case a or b), the next lowest 07 state into the next lowest, and so on, with 
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corresponding rules for each other type of state (2., 1., O7, O.*, 1,, 2, 07). 
The energy of each individual state as a function of 7, for stationary nuclei, 
may be called a U(r) curve. The rules just given say that no two U(r) curves 
which belong to the same 2 value and symmetry type can cross; it also 
implies that any two U(r) curves differing in these respects may cross." 

In order to apply the rule just given it is necessary to consider what such 
case c designations as 0;, 1,, and so on, correspond to in cases a and b. We 
can best do this by going in the reverse direction. In case a states (!X*, 
1S-, MTA, - + +, %My, My, Ay, Ay,» + 310, Mi, “Me, Ar, Ae, *As,---), @ 
exists as in case c. Hence 'S* gives 0+, 'X~ gives 0-, 'Il gives 1, 'A gives 2 of 
case c, and so on. ‘II, and all other states with Q=0 split in case c into 0* 
and 0-.6 All other states go according to their 2 values. Thesymmetry 
property indicated by g or w is also maintained. Case 0 states with A>Ocan 
be correlated with case c states by first assuming the corresponding case a 
states. Case ) states with A=0 go over as follows: *?2* or *2~ gives 3 of case 
c; + gives O- and 1, *S~ gives 0* and 1 (cf. Fig. 1); 42+ or 42 gives 3 and 13; 


5y+ gives 0*, 1, and 2, °=- gives 0-, 1, and 2 (cf. Fig. 1); and so on. 
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Fig. 1. Correlation of rotational levels of a typical case 6 *Z* state with those of the 
corresponding 0 and 1 states of case c. The positive (Wigner-Witmer nomenclature) or even 
(Kronig nomenclature) rotational levels are marked +, the negative or odd, —. If the case c 
0 levels lay above instead of below the 1 levels, the correlations would be different, but the 0 
state would still be 0-, since the fact that the one level with J =0 in case } is a negative (—) 
level always brings it about that we have a 0~ state in case c. To obtain the relations fora 
case b*E~ state, which gives a 0* and a 1 state in case ¢, it is only necessary to reverse all the 
signs in Fig. 1. The relations for 5 and other © states follow in a similar manner. 


From the rules of Wigner and Witmer for A and S values, we know that 
the following case a and 6 states can be formed, using all the combinations 
(Ji, Jo) =(13, 13), (13, 4), (4, 3), from two normal halogen atoms: '!Z/, 


" For a general discussion of correlation problems in molecule formation, cf. W. Weizel, 
Zeits. f. Physik, 59, 320 (1930). 
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I1., IM. *27, 'A,, ‘2, WM,, MM,, *2, “Ay, *2*, ‘25. Let us assume that 
the order of these states, say for some single definite fairly small value of r, 
is as just given, i.e. with '>> lowest, ‘II, next, and so on. Then according 
to the correlation rules given above, the lowest '2; (small r) becomes 0 
(large r) and gives *P,, +?P,, on dissociation. For brevity we shall write 
this ‘D+, 0,+(13, 13). In a similar manner, we have *IIq,, 2.(14, 4 2 | 


1.(13, 13); “Mou, O7(13, 13) and 0*(13, 3); Mu, 1.(13, 13); *27, 1,(13, 13) 
and O7(13, 1 3); 1A,, 2 o(13 13); ‘Zs OF(13, 3 2 Pyagt — >)3 Mio, 1 a 3); 
Too, OF (13, 3) and OF(3, 2); ,, 1,(18, 9); "Ze, 3, 13) and 1,(13, 3); 


*Asu, 3.(13, 13); *Acu, 2..(13, 2); *Aiu, 1,(13 2) 3); sie, u“ =(14, >) and 1 u(3, 2); 
Zr, O5(3, 3). 

A consideration of this example shows that if we assumed a sufficiently 
different order of molecular levels, the correlation with atomic J values 
would be more or less altered. For example, if we assumed the order of the 
molecular levels for small r to be 'L7, II, 'II,, ‘27, M,, 27, 'A,, ete., then 
we should ne 1S, ‘I,, and 'Il, with correlations just as before but then: 
1Y it, O(13, 13 instead of 13, 3 as before); *IIz,, 2,(13, 14 instead of 13, 3); 
311,,, 1,(13, 13 instead of 13, 3); 3IIo,, 07(13, 3% as a and 07(13, 3 
instead of 2 3, 4); 825, 1,(13, 4 instead of 134, 13) and 0;(4, 3 instead of 13, 
13); 'A,, 2,(13, 3 instead of 13,13). A correct deel of the correlation 
of molecular A and S values with atomic J values therefore evidently depends 
in an essential manner on a knowledge of the energy order of the molecular 
levels. This order, however, cannot in general be predicted in advance. 
Nevertheless it can often be approximately predicted, or in simple cases 
exactly. Usually we know theoretically that many if not most of the mole- 
cular levels given by Wigner and Witmer’s A and S rules have very high 
energies for small r values, and have very large 7, values and very small dis- 
sociation energies. Predictions of the kind just indicated, combined with an 
empirical knowledge of part of the levels in question, are often sufficient for 
practical purposes. Furthermore, there are always one or two “unique levels” 
for which the J correlation can be given without any knowledge of the energy 
order of the molecular levels. Unique levels are levels whose 2 and symmetry 
type occur only once in the list of states derivable from two atoms with given 
L and S values. In our example, the unique levels are 3, of case c, which 
necessarily becomes *A;, of case a, 0,+ which necessarily becomes part of 
3JIo., and 0> which necessarily becomes part of “IIo. 

Fig. 2 illustrates how the foregoing considerations can be applied to the 
I; molecule. (Analogous relations doubtless hold for Bre, probably also for 
Cl,). The normal state of I, is in all probability a ‘=> state’ derived from 
two iodine atoms each in the ?P normal state. According to the rules given 
above it must be derived from two *P,, atoms. The 7. value of the normal 
state of I; (let us call it ry) is probably small enough so that we have approxi- 
mately case a—b coupling. As has been shown in a previous paper,® the upper 
state of the visible I, absorption bands is in all probability a 0,+ state. The 
r. value of this state is much larger than ry and the coupling conditions, for 
r~r,., probably approximate those of case c. If, however, we follow the U(r) 
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curve of this state to smaller r values, we may probably expect nearly case 
a coupling when r~ry or less. Now this 0,+ state is a “unique state” and we 
know that it must belong to a ‘IIo, state in case a. But in case a we expect 
to find *ITp accompanied by “II, and “Iz. In Fig. 2 we have assumed that these 
three levels form an inverted °II whose width is of the same order of magnitude 
as that of the inverted *?P normal state of the atom. According to the rules 
given in preceding paragraphs, as well as empirically, the 0,* component of 
3II,, is derived from ?P,,+?P,, while the “Il, and II; levels and the 0,> com- 
ponent of the ‘II, are according to our rules derived from two ?P;, atoms. (A 
different correlation would be expected only if the states *2,* and °A, lie 





5 




















4.0 5.0 6.0 
Pr (A.U.) 


Fig. 2. U(r) curves for '=*+, and 0*, states of I, drawn to scale according to Morse’s 
function (P. M. Morse, Phys. Rev. 34,57, 1929). U(r) curves forthe 0~,, 1,,and 2, components 
of *{],, are sketched in a plausible way (cf. text). The numerous other U(r) curves derivable 
from the normal (?P) atomic levels probably all correspond to unstable molecular states, and 
are omitted here. The family of U(r) curves derived from normal atoms is probably crossed 
by one or more curves of large r, but large D derived from Ft + F- (cf. text). 


below ‘II, for r= ry, an arrangement which is seen to be very improbable when 
one considers possible electron configurations for the states last mentioned.) 
The assumption that the ‘II state is an inverted ‘II with large multiplet 
spacing is made probable by a consideration of electron configurations (see 
below). In Fig. 2, U(r) curves are sketched for the normal state and the “II, 
state of Iz, based on the facts and assumptions just discussed and on our 
experimental knowledge of the normal state and the 0,*+ state. A study of 
possible electron configurations indicates that the numerous other molecular 
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states derivable from two normal halogen atoms (see above) probably all 
have larger r, values and smaller D values than the 0+ state. (To make Fig. 
i 2 complete, the U(r) curves of these states should be added.) To be sure, 
( other states of I; are known in addition to ‘2+ and 0+, including one 
(state B of Pringsheim and Rosen) which for r=r, probably lies between 
1>* and 0,*. Although the data on this state are uncertain”, they indicate 
that it has a small or rather small w,, hence a large or rather large r,, but that 
it has at the same time a large D. These characteristics make it likely that 
it is derived from two ions (I++I>-). 
Before going farther with the theoretical discussion of the correlation of 
atomic and molecular states, we shall digress in order to consider some other 
interesting points about the halogen molecules which are brought out or 
suggested by Fig. 2. If Fig. 2 is correct, one would probably expect to find 
a strong continuous spectrum resulting from the transition *II,,<—'2,*+, and 
probably also weaker continua corresponding to ‘II(07-)'Z*, and *I»,<— 
1>i. If the arrangement of the U(r) curves for the ‘Il, levels is correctly 
shown in Fig. 2, the continua just mentioned should in part overlie the dis- 
crete bands of the transition 0+". So far as I know there is, however, 
no evidence of a strong continuum in this region. 


ELECTRON CONFIGURATIONS AND U(r) CURVES IN 
HALOGEN AND OTHER MOLECULES 


By a consideration of electron configurations in connection with the above 
discussion, a qualitative explanation of the differences between the 0,+<— 
1>,¢ bands of the four halogens can be given. These differences can be ex- 
pressed as follows: for the upper level, D increases in the series Fy: to Is, 
for the lower level it decreases. The essential thing here is perhaps that the 
contrast between the two states decreases as the quantum numbers of the 
outer electrons increase.“ In terms of electron configurations this can be 
understood as follows. The normal, '2;*, state of F, has an electron configura- 
tion (composed of closed shells) which for definiteness we shall write 
1so?2 po*2so°3 po*2 prt3do*3d7*. (That the four least firmly bound electrons 
are 7m electrons is practically certain, although that they are 3d7z is less cer- 
tain.) The last ten electrons in F2(2p2*3do?3dr*) are very probably derived 
from the ten 2 electrons of the two normal F atoms. Of these ten, the 2px 





12 State B is observed in absorption, but only at high temperatures (P. Pringsheim and B. 
Rosen, Zeits. f. Physik, 50, 1, 1928), as the initial (lower) state of a band system not otherwise 
known. The upper state of these bands (state D) may be identical (Pringsheim and Rosen, 
l.c.) with the upper state of the ultraviolet absorption bands of I;, whose lower state is the 
normal int state (state A). If this last is true, state D must be an odd state (u) and state B, 
like state A, an even (g) state, since g states combine spectroscopically only with wu states. 
Pringsheim and Rosen’s data indicate that state D, like B, has a large r, and large D, and it 
seems likely that it also is derived from I++ I-. 

13 One should really compare the energies of the 1p and II, states at the same value of r,, 
instead of at their respective r, values. One might well, for instance, take r=ry and project 
upward from U(r.) of the 1y+ state to the U(r) curves of the “I, states. When this is done 
the contrast between F; and I; becomes very marked, as can be seen by comparing Fig 2. with 
a corresponding set of curves for F>. 
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are unpromoted and the 3dz are promoted, 2p7 electrons of the atom, while 
3do* represents two promoted 20 atomic electrons. A further stage of pro- 
motion is also to be expected for the latter, in which they become probably 
4fo molecular electrons; these might be looked for in excited «tates of the 
molecule. The ‘II, state to which our case c 0,* state belongs has very pro- 
bably a configuration obtained by displacing one of the most loosely-bound 
electrons (3d7) to the first available o orbit, very likely 4fo; the promoted 
orbit 3dz is thus replaced by a more strongly promoted orbit, and D is de- 
creased. Analogous configurations presumably exist in the other halogen mole- 
cules; it would be difficult to explain in any other way their great chemical 
and spectroscopic analogy. For Cl, we may reasonably assume - - - 3so? 
4 po*3pr'4do*4d x‘ for the normal state and - - - 4d7°5fo for the “II, state, and 
for Bre and Ie configurations in which the quantum numbers of the outer 
electrons are increased by one and by two units respectively. In each case 
the px electrons are unpromoted atomic p electrons from the outermost 
shell, the do,dz, and fo electrons are promoted electrons from the same source. 
Now with increase in the principal quantum number of promoted and un- 
promoted electrons alike, the energy differences between promoted and 
unpromoted electrons and between different stages of promotion, should 
evidently decrease steadily. In particular, the energy difference between 


ndr and (n+1)fo, and with it the difference in D values between - - - ndx*!Z 
and - - -ndm*(n+1)fo *Il,should decrease steadilyas m in creases from 3 in F2 to 


6 in Iy.!* This seems to explain satisfactorily the characteristics of the halogen 
levels discussed at the beginning of this paragraph. 

Similar analogies and differences are known in other series of homologous 
molecules, e.g. Os, Se, Ses, Tee; Liz, Nae, Ke, Rbe, Cs.; CN, SiN, - - - BO, 
AlO .--. In all such cases, explanations analogous to that just given for 
the halogens are probably applicable. 


FURTHER EXAMPLES 


Fig. 3 shows the probable correlation of molecular states of HgH with J 
values of the Hg atom for the case of Hg(- - - 6s6p, *P)+H(1s, *S), using 
the rules above discussed. Similar correlations probably hold (but cf. Ref. 16) 
for CdH and ZnH. 

As a further example we may consider the case of two alkali metal atoms 
with strong L, S coupling, say two Cs atoms, one in its normal (2S) state, the 
other in its lowest ?P state. For case a—b we get the following states: “Il,, 
3, Zt, 'SF, Me, Me, *Z.*, NN, For case c we get 1,, 1., 07, 0.7, 07, O-, 
from *P,+?S and 2,, 2u, 1g, lu, 1g, 1u, OF, O.*, OF, OF from ?Pi,+°S. The 
unique states are 2, and 2,, which go over into “IIz, and “IIz,. Experimentally, 
'¥. (lower) and 'II,, (higher) are known in the case of some of the alkali metal 
molecules. Assuming, as is probable from a consideration of possible electron 
configurations, that *IIp, and ‘II, come below '2,, we find (e.g. by drawing 
a diagram like Fig. 3) that '2, and ‘II, must both be derived from ?P,,+2S 
(IIo, and *II;, are then derived from *P,+7°S). 
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QUALIFICATIONS AND DIFFICULTIES 


In the preceding discussion, we have been tacitly assuming that crossings 
of U(r) curves occur only at r values where case c coupling holds. This as- 
sumption is implied in the use of the rule given above (p. 1443) for correlating 
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Fig. 3. Correlation of energy levels for separated atoms and molecular distances, for 
Hg (-- + 6s?, 4S) plus H (1s, 2S) and for Hg (- - + 6s 6p,3P) plus H(1s, 2S). The U(r) curves 
for the ?2 and “II states are drawn in accordance with Morse’s formula, using experimental 


9 


data on r, and », values, and using the experimental w, and D values of the lower ?= state. 
The ‘= and ‘Il U(r) curves arc sketched in ~ plausible way. 


case c with case a—b states; according to this rule, crossings of U(r) curves 
occur only for states differing in 2 or in symmetry properties (g or u, 0* or 
0-). But such an assumption is not general enough." Crossings of U(r) 
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curves may occur or tend to occur at r values where there is case a—)d 
coupling. Here more crossings are possible than in case ¢c, since in case a—)b 
U(r) curves with the same 2 and symmetry properties may cross if they 
differ in A or S. Hence the correlation between atomic J values and molecular 
states (for r=r.) may in many cases be somewhat different than it would 
be according to our previous rules. Actually, however, the number of U(r) 
curves, other than those of “unique states,” which tend to cross as r is de- 
creased, hence the number of cases of doubtful correlation, is often small. 

In the extreme case of very narrow atomic multiplets (very weak L, S 
couplings), case a or b molecular coupling exists practically all the way to dis- 
sociation, so that our correlation rules fail completely, except for the unique 
states. Fortunately, however, the correlation with atomic J values lacks 
importance, if not meaning, in such cases. In intermediate cases, where the 
atomic multiplets are of small to moderate width," the correlation problem is 
a complicated one. Considerable departures from our rules may often be 
expected, but our knowledge of the forces acting between atoms at large 
distances appears to be as yet insufficient to permit the setting up of better 
rules, except probably in the special case of the union of two ions, or of an 
atom and an ion, where the Stark effect probably determines to a first ap- 
proximation the splitting up of the terms at large r values. 

The application of the preceding considerations to the examples discussed 
above indicates that with decreasing atomic weight of the atoms concerned, 
the correlations given above (except for “unique states”) become less certain. 
Thus in F+F, the correlations may, for this reason and also perhaps because 
of a different order of some of the molecular levels, be in part different than in 
I+I, in Mg+H different than in Hg +H, and in Li+Li or Na+Na different 
than in Cs+Cs,"" 


14 If the L, S couplings are weak in one atom, but strong in the other, we can determine the 
J correlation in the usual manner for the latter, but not for the former atom. In the special case 
that the latter atom is in an S state this does not matter (cf. e.g. Hg+H in Fig. 3). 

16 The Stark effect should quickly establish quantum numbers MM, and M, (case c), or 
Mr, and M,, (case a or b). The van der Waals forces (cf. R. Eisenschitz and F. London, 
Zeits. f. Physik, 60, 491, 1930, and subsequent paper by F. London) may cause some splitting 
up, but have little if any tendency to give axis-quantization (M,, Mp, etc.) 

6 Recent data of E. Svensson (Zeit. f. Physik 59, 349, 1930) suggest that even in CdH 
the correlations are different than in Hg H, in that the upper *2 state (cf. Fig. 3) may go to*P» 
+*S and the Il, state to *P,—*S. 
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A NEW BAND IN THE ABSORPTION SPECTRUM OF METHANE 
GAS 


By Davip M. DENNIson ano S. B. INGRAM* 
UNIVERSITY OF MICHIGAN 
(Received September 22, 1930) 
ABSTRACT 


The absorption spectrum of methane gas has been examined in the photographic 
infrared region from 6500A to 9500A in the hope of observing overtones of the known 
fundamental frequencies. A path length of 10 meters of gas at 70 cm pressure was 
used. The source of continuous radiation was a tungsten filament and the radiation 
was analysed with a grating spectrograph having a dispersion of 2.6A per mm at 
8000A. 

One band which may be attributed to methane was observed at about 8900A and 
may be identified as the third overtone (mn =0-—+4) of the fundamental absorption 
band at 3.34. The fine structure appears to be very complex and irregular, consisting 
of more than a hundred lines of which about five are very intense. 

In an attempt to reconcile the apparent irregularity of this structure with the 
simple and regular fine structure of the fundamental at 3.34, the theory of the over- 
tones of a methane type molecule was examined. It is remarked that the higher energy 
states corresponding to this mode of vibration are in first approximation degenerate 
and have a weight }(m+1)(m+2). A perturbation representing the anharmonic 
forces is now introduced and is postulated to have a tetrahedral symmetry. The 
secular determinant is then constructed and the resulting energy constant is given 
explicitly for the values n=0,1,2,3,4. It is found that for n=4 the 15 levels which 
originally coincided now group themselves into seven neighboring levels having the 
weights 3,3,3,2,2,1, and 1. These levels may all combine with the vibrationless state 
n=0 and thus it is to be expected that the overtone band under discussion will con- 
sist of seven nearly superimposed single bands. These considerations appear to 
explain the observed degree of complexity although it has not been possible as yet to 
make a detailed analysis of the positions of the individual lines. 


HE infrared absorption spectrum of methane has been observed by 

Cooley! who founda number of bands in the region from 2 to 8u but partic- 
ularly two strong ones at 3.34 and 7.74 which are without doubt due to two 
of the fundamental vibrations of the methane molecule. Higher harmonics 
of the fundamental at 3.3u are to be expected in the region of wave-length 
less than 1p where they are accessible to photographic investigation. It 
was therefore determined to search for such bands using a comparatively 
long light path in the gas (10 meters). 


EXPERIMENTAL 


The absorption tube was constructed of a piece of lap-welded steel pipe 
15 cm in diameter and 5 meters long. Flat steel rings were set in the ends 
and soldered tightly to the pipe and against these two plate glass windows 


* National Research Fellow. 
1 J. P. Cooley, Astrophys. J. 62, 73 (1925). 
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were sealed with picein wax. Side tubes and drying apparatus for admitting 
the gases, a water aspirator for rough evacuation of the chamber and a mer- 
cury manometer to indicate the pressure were attached. 

A tungsten filament provided the source of continuous spectrum. The 
light passed from the lamp at one end of the tube to a concave mirror of 
seven meters radius of curvature placed at the other. This mirror reflected 
the light back through the tube, and focussed it directly on the slit of the 
spectrograph, a plane mirror being used to deflect the beam from the axis 
of the tube to the axis of the spectrograph. When observations were made in 
the region of wave-lengths greater than 8600A a large 45° glass prism was 
introduced in the convergent beam about one meter in front of the slit. This 
device produced a short spectrum on the spectrograph slit. Rotation of the 
prism selected particular regions of wave-length about 1000A in width and 
thus the scattered light of shorter wave-length which otherwise caused a gene- 
ral fogging on the plates during the long exposures necessary in this part of 
the spectrum could be easily disposed of. When this prism was not used a 
red glass filter served to cut out the blue light. 

The spectrograph consisted of a concave Rowland grating of 7 meters 
radius in a Paschen mounting. This instrument gave a dispersion of 2.6A 
per mm at 8000A. Eastman Extreme Red and Infrared Sensitive plates 
were used and exposure times varied from 5 minutes to 24 hours, depending 
on the spectral region under investigation. Second order iron lines served as 
standards for the determination of wave-lengths. 

Pressures in the absorption cell of about 70 cm were used. Even at this 
pressure the absorption lines seemed quite diffuse and broad so that no ad- 
vantage was to be gained by pushing the large grating spectrograph to the 
limit of its resolving power. A similar observation has been made by Badger? 
in work on the absorption bands of ammonia. 

The methane was taken from cylinders of compressed gas supplied by 
the Matheson Company. It was dried by passing over calcium chloride and 
through concentrated sulphuric acid but no further attempts were made to 
purify it. According to the makers this gas was 88% pure containing approxi- 
mately 7% of ethane, 4% of propane, and 1% of butane. In order to be 
sure that none of these impurities was responsible for the observed absorp- 
tion, photographs were taken successively through a 60 cm cell containing 
each of these gases. In no case could absorption be observed in the region 
containing the band under discussion. When the 60 cm cell was filled with 
methane three or four of the strongest absorption lines near 8870A could be 
detected on the plates, although the absorption was very faint with this 
relatively short path length. 


RESULTS 


A survey of the spectrum from 6500A to 9500A showed one band extend- 
ing from 8800A to 9000A. In all over one hundred individual lines could 
be measured. Some of these were very strong and showed fairly complete 


2 R. M. Badger, Phys. Rev. 35, 1038 (1930). 
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absorption but the greater number were very weak and could be measured 
only with difficulty under the high magnification on the comparator. Table 
I gives the measured wave-lengths of the lines and eye estimates of the inten- 
sities. The last column gives the values of the wave-numbers reduced to 


TABLE I. Wave-lengths and intensities of the lines of a band in the absorption spectrum 
of methane. 











Int. I.A. v Int. IA, v Int. IA. v Int. IA. v 

0* 8798.50 11362.46 0 8837.61 11312.18 8872.27 11267.99 0 8910.61 11219.50 
0* 8806.15 11352.58 O* 8838.28 11311.32 8873.08 11266.96 0 8913.65 11215.68 
0 8811.11 11346.19 8839.35 11309.95 8874.00 11265.79 O* 8916.16 11212.51 
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8875.67 11263.67 O* 8919.73 11208.02 

76.76 11262.29 1 8921.71 11205.54 
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.16 11259.24 O* 8924.71 11201.77 
¥ 8882.83 11254.58 1 8925.96 11200.20 
8852.25 11293 .46 8884.94 11251.91 0 8935.84 11187.82 
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0* 8829.77 11322.23 0O* 8864.79 11277.49 O* 8898.20 11235.15 0* 8961.22 11156.13 
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1 8831.19 11320.40 2 8866.30 11275.57 2 8901.20 11231.36 O* 8966.99 11148.95 
1 8831.57 11319.91 2 8867.56 11273.97 0 8902.51 11229.71 O* 8982.97 11129.13 
0* 8832.38 11318.87 O* 8868.13 11273.24 O* 8903.46 11228.51 O* 8984.84 11126.81 
1 8832.87 11318.25 5 8868.77 11272.43 1 8904.18 11227.60 O* 8986.56 11124.68 
2 8836.59 11313.48 O 8870.11 11270.73 O* 8905.69 11225.70 1* 8988.03 11122.86 
0* 8837.07 11312.87 1 8871.36 11269.14 O* 8909.41 11221.01 0* 9001.89 11105.73 
0* 9010.14 11095 .56 


8813.11 11343.62 8843.36 11304.81 
8814.25 11342.16 8844.13 11303.83 
8814.96 11341.24 8845.96 11301.49 


0 
2 
3 
0 
0 
8816.06 11339.82 0 8848.66 11298.04 
0 
0 
2 
0 
4 


ca 


* 
oo) 
oo 
~— 
o 


8817.04 11338.56 
8818.32 11336.92 
8819.78 11335 .04 


om or Ooowre 
oo 
oo 
Oo 


* 


* 


ccooorooocoor.}orf- 





vacuum. Independent determinations of the wave-lengths using two different 
plates indicate that the wave-lengths of the stronger lines are probably 
accurate to about 0.03A. For the weaker lines, of course, the accuracy is 
considerably less and errors of 0.1A may be present. Figure 1 gives a graph- 
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Fig. 1. Graphical picture of the absorption band in methane. 


ical picture of the band. The absorption lines are plotted on a frequency 
scale, the vertical height of the lines representing their intensities. 

It seems very probable that this absorption band is the third overtone 
(n =0—>4) of the fundamental (n =0-—>1) band at 3.34. The first and second 
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overtones have been previously reported by Ellis® as lying at 1.694 and 1.15 
respectively. From the positions of these bands Ellis gives the following for- 
mula which is typical for series of this sort. 


vy = 3070n — 55n?. 


Substituting for 7 =4 we obtain y=11480 cm which we may compare with 
the most intense experimental lines at 11280 cm~'. The agreement is satis- 
factory but could be improved by the formula 


vy = 3085” — 66n? 


which also represents Ellis’ results within his experimental error. 

The fine structure of the overtone reported in this paper appears to be 
very irregular and complex; a feature which seems surprising since the funda- 
mental possesses a simple fine structure consisting of a regular positive, nega- 
tive and zero branch as might be expected from a molecule whose three 
moments of inertia are equal. We shall however attempt to show that this 
overtone should consist of seven nearly superimposed simple bands of 
varying intensity. These considerations appear to account for the complexity 
of the observed fine structure even though we have not succeeded in analysing 
it in detail. 

OVERTONES IN THE METHANE SPECTRUM 


The normal vibrations of methane have been discussed by Dennison‘ 
under the assumption that the molecule may be represented by a regular 
tetrahedron with the carbon atom at the center. The nine degrees of vibra- 
tional freedom give rise to only four independent frequencies 7, v2, vs and 14. 
Of these v, single, and v2 double, are optically inactive. v3 and vs are each triple 
frequencies and are optically active. They may be identified with the two 
strong bands of methane at 3.34 and 7.74 respectively. The band which is 
being reported in this paper is almost certainly the third overtone of v3(” = 
0—4) and we shall therefore confine ourselves to a discussion of this vibration. 
The considerations may be applied without change to overtones of vy and 
might be extended to cover any general combination of the four fundamental 
frequencies. In the following work we have derived many important sug- 
gestions from two papers by F. Hund® and by W. Elert® on the symmet~y 
properties of the methane type molecule, to which the reader interested in 
a further development of the subject is referred. 

The normal mode of vibration v3 (or v4) involves the motion of all four 
of the hydrogen atoms together with the motion of the carbon atom. This 
system of the normal oscillator v3 (or v;) may be replaced by a simpler model 
which will possess all the properties of the v3; vib-ation and which will be 
found more convenient for discussion. Let a mass paticle u be elastically 


3 J. W. Ellis, Proc. Nat. Acad. Sci. 13, 202 (1927). 
‘DPD. M. Dennison, Astrophys. J. 62, 84 (1925). 

5 F, Hund, Zeits. f. Physik 43, 805 (1927). 

* W. Elert, Zeits. f. Physik 51, 6 (1928). 
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bound to the origin of a rectangular set of axes x, y, 2 with a potential 
energy function whose leading term is, V° = 27*yuv?(x?+ y?+2?). The remain- 
ing terms of the potential function V’ may be considered as a perturbing 
potential and will have only one condition imposed upon them, namely that 
they must show a tetrahedral symmetry. This model may be visualized by 
thinking of the hydrogen atoms of methane as being rigidly fixed in space 
at the corners of a regular tetrahedron. The carbon atom is elastically bound 
to these four points and has as its equilibrium position the center of the tetra- 
hedron. In first approximation the potential energy is V° and the frequency 
of vibration of the carbon atom is independent of the path of its motion. 

When we discuss the model by means of the wave mechanics, we see 
that the wave equation is separable in the x, y, z coordinates and that in 
effect we have three independent linear harmonic oscillators each with the 
same frequency v. The proper value for the system wave equation isthe 
sum of the proper values for the individual linear oscillators and the wave 
function is the product of the individual wave functions. Since the theory 
of the harmonic oscillator and of separable wave equations is so well known, 
it will only be necessary to give the following results. 

The energy of the system in first approximation is 


We? = hy(n oe 3 2) 2 = (0,1, 2,- 


while the wave function W will be given in terms of three positive integer 
indices , M2, M3. 


| my 
¥ = Yate: 
In this expression i is the »,* Hermitian orthogonal function having as 
its argument the variable [42%uv/h]!/%x. The relation between the 1,, 
1,+n2+n3=n shows that all the states for which m is not equal to zero are 
degenerate. For each value of there will exist a number g, of independent 


solutions to the wave equation. This number, which represents the weight 
of the ** state may be easily found to be 


gn = (2)(" + 1)(" + 2). 


For simplicity we shall represent a wave function by the symbol (m m2 ms). 
Thus the lowest vibrational state has the single wave function (000) while 
the first state possesses three independent wave functions (100), (010) and 
(001), any linear combination of which will be a solution of the wave equa- 
tion. 

In first approximation as has been seen, for any value of m there will be 
gn coincident energy levels. In higher order of approximation however when 
we take into account the anharmonic terms in the potential function, not 
all of these levels will exactly coincide and the purpose of the discussion is 
to determine the grouping of the levels. The method we shall employ is the 
familiar theory of perturbations of degenerate systems. For any particular 
value of m, the wave functions may be given the designation Y,,where m 
is an index running from 1 to }(m+1)(m+2). Let the perturbing potential 
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energy be V’ and the perturbed addition to the energy constant be W’. 
The so-called secular determinant is then constructed with the elements 
SV Yamnm'dxdyds — W'S"’ | where 6”’ is the Kroneker symbol. Setting 
the secular determinant to zero provides $(m+1)(m+2) values for W’ not 
all of which however need be distinct. 

In our problem the secular determinant for small values of » becomes very 
simple since many of the elements vanish because of the tetrahedral sym- 
metry of V’. Let the four corners of the tetrahedron be joined by six straight 
lines. Construct three axes each of which bisects one of the three opposite 
pairs of lines. These three axes which are mutually perpendicular, have an 
origin at the center of gravity of the system, and may be chosen as our x,y,z 
axes. 

The potential function V= V°+V’ is a function of x, y and z and must 
have the symmetry of the tetrahedron. A little inspection discloses the fol- 
lowing properties. 


V(x, y, 2) = V(y, x, 2) = V(z, y, x) 
V(— x, — y, 3) = V(— x, vy, — 3) = V(a, — y, — 2). 


Thus the potential V or V’ is unchanged by any permutation of the co- 
ordinate axes x, y, z. It is further unchanged if any two of the axes are re- 
versed in direction. These properties describe the most general type of 
function having tetrahedral symmetry. 

In constructing the elements of the secular determinant we may use the 
notation, 


n,'Ng'ny’ 


ice, J cutndnyv onnnsds dy dz. 


If we now remember that the Hermitian orthogonal function is an even or 
odd function of x depending upon whether x is an even or odd integer, it 
becomes evident that only those elements are non-vanishing for which 
(m'+m), (m2’+m2) and (n3’+-n3) are either all even integers or all odd inte- 
gers. It is further clear from the symmetry properties of V’ that, 
ny'Nng’ ny’ Ng’n,’n,’ 
An, non, = An, ny ny etc. 

The results of these considerations will now be tabulated for »=0, 1, 2, 
3, 4. In every case values of the energy constant W’ are given. The number 
in parenthesis immediately preceeding W’ indicates the number of levels 
having this value of the energy. This last degeneration (falling together of 
levels) can never be removed by introducing higher order perturbing terms 
provided they retain the symmetry of the tetrahedron. 


n=Og=1 n=1 g,=3 








(1)? = 0% = (3)W" = ai 


100 
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n=2 £3 = 6 
(3)W’ = q!t0 
110 
(2)W! = a200 — g200 
200 020 
1)’ = q2 + Iq 200 
(1) 200 + * 120 
n=3 g;= 10 
(1)W’ = all 
Lil 
(3)W’ = q7?l0 — g20l 
210 021 
3)’ = 2(q3 210 29! 
(3) 2 ( 300 + 510 vo 
+ [Haim + ott + att — eimai + ait) + 2(0m)e} 
3)" = 1(q300 210 201 
(3; 2(ait ? 510 + oe 
— [1(g300 210 201\2 _ ,,300/,,210 201 ¥(ry300\2] 1/2 
[i 300 + O10 - aon ao o10 + oo + a(n) 
n=4 g,=15 
(3) = a39 — gi'0 
310 130 
3) 17 = 2(q30 + g2ll 4 g310 
(3) 2 ( 310 , 211 + a 
[Hote + att + att — a2t(at + att) + 2(08)!] 
Q)W! = 1 (q4 + g220 — g100 — 9220 
(2) 2 ( 400 + 220 040 ae 
+ [2(q400 4 220 _ 4400 _ 9220)2 _ (4400 _ 4400) (4220 _ 4220 
- [3 400 + 220 040 a ( 400 oo) 220 aa? 
+ (x40 -_ e400) 2 ]1/2 
022 220 
1)W’ = 1(q40 220 F400 4. Pey220 
(1) 2( 400 + 520 + 040 a ~~, 
+ [2 (q400 4. 220 4 9400 4 y220)2 _ (400 4 97400) (4220 4 94220 
a [3 400 + 220 + 040 . on ( 400 + oo) 220 + oon 


400 400)2]1/2 
? (20 + Cae? : 


A certain independent check on the above calculations may be made in 
the following manner. Suppose that V’ possesses not only tetrahedral sym- 
metry but spherical symmetry as well. This would mean that the a, would 
be unchanged by a rotation of the x, y, z axes and this would lead to certain 
relations between them. Thus in the case »=2, it may be shown that if V’ 
has spherical symmetry aa, =a. and therefore instead of three groups 
of energy levels for the tetrahedron we obtain only two energy levels 
for the sphere (one with the weight 5 and the other with the weight 1). 
These results for a spherical potential may be obtained independently by 
introducing the spherical coordinates 7, 6, @ in which case V’ is a function 
of r alone. The results of applying these two methods were compared for 
the values of » under discussion and found to agree, thus furnishing at least 
one check on the numerical calculations. It may be of interest to state how 
the seven groups of levels for the tetrahedron for »=4 degenerate into three 
groups of levels (with the weights 9, 5, and 1) for the sphere. Let the per- 
turbed energy W’ be given an index running from 1 to 7 and corresponding 
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to the energies in the above table (n =4) respectively. When the tetrahedral 
symmetry degenerates into spherical symmetry we have the three levels, 
W,’ = W;' = W,' = W717’, W2' = W,' and W,’. 

We may now summarize the results which have been obtained. The first 
vibrational state »=1 is degenerate and is composed of three coincident 
levels which will not be separated by any perturbing potential having tetra- 
hedral symmetry.’ The fundamental band (7=0-1) is consequently a 
single band, a result which agrees with the simplicity of its observed fine 
structure. 

The level 7 = 4 is composed of seven neighboring levels having the weights 
3, 3, 3, 2, 2, 1 and 1 respectively.’ All of these levels may combine with the 
lowest level »=0 and therefore the third overtone should consist of seven 
nearly superimposed bands. The intensity of any one of these bands will 
depend not only upon the weight of the upper state but also upon the exact 
nature of the perturbing function V’. 

Each of these bands we suppose will have a fine structure consisting of 
a regular positive, negative and zero branch. By referring to the work of 
Elert® on the symmetry properties of the wave functions, it may be seen that 
all the lines of the fine structure will be present with the possible exception 
of the first line of the zero branch. The intensity distribution will be some- 
what irregular due to the spin of the hydrogen nucleus. It is not possible to 
predict whether the spacing of the lines in the positive and negative branches 
will be the same for each of the seven nearly superimposed bands since the 
mechanism of the coupling between rotation and vibration in the methane 
molecule is not yet understood. It will be remembered that the fine structure 
lines in the two fundamental bands »; and » do not have the same spacing 
in frequency although this was to be expected on the basis of the simple 
theory involving no interaction between vibration and rotation. 

Let us now return to a consideration of the observed structure of the over- 
tone band »=0—4. Although the lines are very irregularly spaced there 
seems to be a definite convergence on the short wave side of the band. This 
may be compared with the fact that Cooley! found a slight convergence of 
the fine structure lines of the fundamental band on the short wave side. 

Among the hundred or so lines recorded on the plate some five or more 
lines stand out as being definitely much stronger than the rest and we should 


7 For the sake of completeness we should remark that Hund$ and Elert® have pointed out 
a further degeneracy arising from the fact that more than one equivalent space equilibrium 
configuration exists for the methane molecule. In fact each of the levels which we have treated 
as single is split into two separate levels having reciprocal symmetry character in the wave 
functions. The magnitude of the separation of these two levels is however very much smaller 
than the separations which we are considering here and will certainly be far too small to be 
observed experimentally. We have therefore omitted this type of degeneracy from the dis- 
cussion. 

8 It is obviously impossible to determine the W,’ when we do not know the exact form of 
V’. An estimate based on a potential function having spherical rather than tetrahedral sym- 
metry indicates that the difference between two successive W,’ is smaller than any one of the 
W,’ but is yet not of an essentially smaller order of magnitude. 
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like to identify these as the zero branches of the seven single bands which have 
been predicted by the theory. A difficulty arises however which may make 
this interpretation untenable. The formula for the positions of the lines of 
the fundamental band as given by Cooley’ is, 


vy = 3019.3 + 9.771m — 0.0351m?, m=+1, +2,:--:- 


If the mechanism of the coupling between vibration and rotation were similar 
to that for a diatomic molecule, the zero branch lines of any of the seven 
single bands comprising the third overtone would be given by, 


vy = A — 4(0.0351)m? 


where A is a constant of the order of 12000 cm.-! These zero branch lines 
would then not fall exactly together but starting from a head on the high 
frequency side would extend over several waves per cm. Actually the strong- 
est lines on the plates appear to be much sharper than this and seem to have 
a half width no greater than one wave per cm. We should emphasize however 
that these considerations lie in the realm of speculation since each single 
band will probab'y have a different convergence factor whose magnitude 
can not be predicted without a more complete analysis of the interaction 
between vibration and rotation for this type of molecule. 

Many difficulties lie in the way of a detailed ordering of the observed 
fainter lines into seven independent series of regularly spaced positive and 
negative branches. From the theoretical side we do not understand the 
nature of the coupling between the vibration and rotation and hence we can 
not be certain of the formulae giving the positions of the fine structure lines. 
From the experimental side we are not convinced that all the lines necessary 
for an analysis have been recorded and we believe that many of the lines may 
be enhanced due to the chance superposition of several faint lines. Our 
purpose has been rather to show that this overtone band may be expected 
to possess a complex structure composed of seven bands, each containing 
some thirty or more lines. The observed spectrum seems to possess about this 
same degree of complexity. 
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ABSTRACT 


The transverse Zeeman effect of the green auroral line was photographed. The 
pattern is of the type (1), 2/1, in complete agreement with the prediction made by 
Rubinowicz on the basis of the theory of quadrupole radiation. 


HE problem of forbidden lines, long a complete mystery, has been to 

a great extent elucidated by two recent lines of investigation. I. S. Bowen! 
showed that the explanation of the nebulium lines as forbidden transitions 
between the low metastable terms of the N II, O II, O III and S II ions 
requires us to regard these transitions as being conditioned by very small 
probability instead of being absolutely forbidden. He has further plausibly 
explained the occurrence of these lines in the nebulae as a consequence of 
the extremely low pressures prevailing there. Under these conditions there 
are very few collisions of the second kind between the ions, and because there 
are thus no radiationless transitions from these states the ion must after a 
long life-time emit the forbidden line. 

The replacement of an absolute prohibition by a low transition-proba- 
bility, however, still left unexplained the contradiction of the selection princi- 
ple for dipole radiation, which remains rigorously valid in the new quantum 
theory. This apparent contradiction has been explained in recent theoretical 
papers? which show that while the dipole radiation is absent in the case of 
these forbidden lines, the contribution of the higher moments of the atom, 
principally of the quadrupole moment, may be present to an observable 
degree. Among those who have developed this view point, Rubinowicz* 
has carried his calculations to the point of showing that an experimental dif- 
ference between dipole and quadrupole radiation is to be found in the Zee- 
man pattern. The results of this calculation for the green auroral line, the 
forbidden combination 1S,—'!Dz, in the O I spectrum, are given in Table I. 


* International Education Board Fellow. 

11. S. Bowen, Astrophys. J. 67, 1 (1928), see also the report of F. Becker and W. Gotrian, 
Ergebnisse der exacten Naturwiss. VII p. 8, 1928. 

2 1. Placinteanu Zeits. f. Physik 39, 276 (1926); A. Rubinowicz, Zeits. f. Physik 53, 267 
(1929); J. Bartlett, Phys. Rev. 34, 1245 (1929); A. F. Stevenson, Proc. Roy. Soc. A128, 591 
(1930). 

3 A. Rubinowicz, Zeits. f. Physik 61, 338 (1930); L. Huff and W. V. Houston, Phys. Rev. 
36, 842 (1930). 
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ZEEMAN EFFECT 


TABLE I. Results of calculation for the Zeeman pattern of the green auroral line. 
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It can be seen from this table that for the case @=0 the Zeeman pattern 
is indistinguishable from the normal Zeeman effect of dipole radiation. There- 
fore the existence of quadrupole radiation cannot be demonstrated on the 
basis of the older measurements‘ of the longitudinal Zeeman effect of the 
auroral line. The table shows that a measurement of the transverse Zeeman 
effect of the auroral line offers a clear distinction between quadrupole and 
dipole radiation. In view of the extraordinary significance which an experi- 
mental test for quadrupole radiation has for the quantum theory, we have 
undertaken the investigation of this point. 

Before the discussion of our measurements it is desirable to justify using 
for such an experiment the auroral line as produced in the laboratory. At 
first sight it seems irreconcilable with Bowen’s hypothesis, that this line can 
be produced in the laboratory in discharges at relatively high pressures. It 
has therefore been often assumed that the appearance of this line in discharge 
tubes is due to electrical fields. Thus Bartlett® states that the auroral line 
under laboratory conditions cannot be regarded as quadrupole radiation. 
However there seems to be no reason for regarding the production of the 
auroral line in the laboratory as fundamentally different from the production 
of the forbidden lines in the nebulae. It is true that in laboratory sources we 
have relatively high pressures and therefore numerous collisions, but Frayne® 
has shown that in the case of the magnesium resonance line, which is also 
a line of low transition probability, the quenching effect of the surrounding 
atoms is almost negligible in comparison with that of the walls. It is in agree- 
ment with these results that the auroral line becomes stronger with increas- 
ing tube diameter. Morever the intensity of the auroral line increases with 
increasing pressure, which indicates that the disturbing influence of pressure 
is small. Even though many more metastable oxygen atoms are destroyed 
by collisions in discharge tubes than would be under nebular conditions, this 
effect is compensated by the strong excitation of these states in the former 
source. Especially in the case of the oxygen-argon mixture, where the higher 


‘ Longitudinal measurements were first made visually by J. C. Mc Lennan, I. H. Mc Leod 
and W. C. Mc Quarrie Proc. Roy Soc, 114, 15 (1927) giving th. Zeeman effect as a doublet 
with normal separation. These measurements have been checked photographically by J. C. 
Mc Lennan, I. H. Mc Leod and R. Ruedy, Phil. Mag. 6, 558 (1928) and independently by 
L. A. Sommer, Zeits. f. Physik 51, 451 (1928). 

5 J. Bartlett, reference 2. 

6 J. G. Frayne, Phys. Rev. 34, 590 (1929). 
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oxygen terms are not excited,’ the excitation of the metastable ‘So state is 
favored. 

Since there seems to exist this parallelism between the excitation of the 
auroral line and that of the nebular lines, the investigation of the transverse 
Zeeman effect of the auroral line affords a quite general test of the theory of 
quadrupole radiation. 


APPARATUS AND PROCEDURE 


The magnetic field for the investigation was produced in a large solenoid 
already constructed and employed in a determination of e/m by the Zeeman 
effect which is being carried on by one of us (C). As a detailed description 
of its construction and calibration will be given in a later paper, only the 
principal data need be mentioned here. The winding consists of 2449 turns 
of No. 4 B&S (5.2 mm) square d.c.c. copper wire in 18 layers. The coil is 
80 cm long, with an outer diameter of 39.7 cm and an inner diameter of 7.6 
cm, and is enclosed in a brass shell. Cooling is accomplished by circulating 
kerosene between the layers, which are separated by narrow fiber spacers 
placed parallel to the axis. The dimensions of the solenoid were selected to 
give a field uniform to a tenth of a percent over an axial length of 6 cm at the 
center. 

Calibrations of the solenoid for the measurement for which it was built 
gave its field as 36.82 gauss per ampere of exciting current. These cali- 
brations were made by the following zero method, using a single layer standard 
solenoid. The dimensions of the standard solenoid were accurately measured 
on a comparator. From them the field for unit current in the standard was 
calculated. The standard solenoid was introduced in the 63.5 mm inner tube 
of the large solenoid. The currents in the two solenoids were regulated until 
their resultant field became zero. The point of balance was indicated by the 
absence of deflection of a sensitive ballistic galvanometer connected to a 
flip coil placed at the center. The disturbing effect of the earth’s field was 
eliminated by reversing the current in both solenoids. The currents in the 
two solenoids were measured with separate shunts and separate potentio- 
meters with a common standard cell. The ratio of the currents at the point 
of balance was used in connection with the caiculated field of the standard 
solenoid to give the ratio of field to current in the large solenoid. 

During an exposure, the exciting current was measured by means of 
a 0.001-ohm standard shunt and a Brooks type deflection potentiometer, 
and was held constant by controlling the field current of the generators used 
for supply. In this investigation the solenoid was used below its full current 
capacity. It is possible to maintain continously a field of 7300 gauss, requir- 
ing 54 kilowatts, without exceeding a temperature of 50°C in the circulating 
kerosene. 

It was necessary to use a light source emitting the green auroral line with 
considerable intensity from a small volume because the space available for 


7 The narrow limitation of the excitation in argon-oxygen may be seen from Fig. 1. R. 
Frerichs, Phys. Rev. 36, 398 (1930). 
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the transverse observation in the solenoid was much less than the diameter 
of the inner tube (63.5 mm). 

Much work on the excitation of the green auroral line has been done by 
Mc Lennan and his collaborators. They have shown in numerous papers that 
the best conditions for producing the auroral line are heavy uncondensed 
discharges through mixtures of argon with slight traces of oxygen, in tubes 
of about 2 cm diameter. Because the specific intensity of such a source is 
small, end-on observation is necessary. Thus in their work on the longitudinal 
Zeeman effect, Mc Lennan and his collaborators used a positive column with 
an effective length of 25 cm; Sommer used a 50 cm positive column. 

For our transverse observation it was necessary to use a light source of 
much greater specific intensity. The auroral line can be easily produced in 
narrow capillaries with a heavy D.C. discharge through commercial oxygen 
with sufficient intensity to be photographed with a 6.5 m grating.® In order 
to observe the transverse Zeeman effect of such a source end-on, the discharge 
would be necessarily perpendicular to the magnetic field. It is well known 
that this arrangement is difficult to use; accordingly we placed the capillary 
parallel to the field and studied the transverse emission reflected by a 45° 
prism (see below). As the intensity of the auroral line so obtained was too 
weak to be photographed, other wider tubes were tried. The tube finally 
used, (Fig. 1), had a diameter of 28 mm and a total length of 1 m, so that 
the heavy aluminum electrodes were within the solenoid. The arrangement 
of the electrodes coaxially with the field had the advantage that the dis- 
charge did not strike and locally heat the glass wall. The light which left 
the central portion of the tube transversely was directed out of the solenoid 
by a 45° prism. Following a suggestion of Dr. Bowen, it proved to be very 
helpful to silver the tube on the outside of the 6 cm central portion and to 
observe the multiply reflected light through a small slit cut in the silvering. 
The intensity was greatly increased in this way, the transverse emission 
becoming nearly as strong as the emission end-on. 

Photographs with this tube were first made with an argon-oxygen mixture. 
The oxygen was electrolytically generated and dried by passing through 
a liquid air trap. The commercially pure argon was purchased from the Air 
Reduction Co. It proved difficult, however, to maintain the best mixture, 
since the oxygen was rapidly absorbed by the electrodes in the heavy dis- 
charge of 600-700 m.a. direct current. As helium was available in larger 
quantities, we used for the final exposures a steady stream of a helium-oxygen 
mixture through the tube. (Fig. 1). The oxygen passed slowly from the liquid 
air trap where it was stored, liquefied at about 30 cm pressure, through a 
narrow capillary into the discharge tube, which was connected to an oil 
pump by a nearly closed stopcock. The rate of flow of the helium through 
another capillary was regulated by adjusting the pressure in a small inter- 
mediate bulb until the auroral line appeared with maximum intensity. With 
a few liters of helium it was possible to supply the discharge for many hours. 


® R. Frerichs, Phys. Rev. 34, 1237 (1929). 
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For resolving the Zeeman pattern of the green auroral line we used a com- 
bination of Fabry Perot interferometer and prism spectrograph. The inter- 
ferometer, a Hilger type instrument built in the Institute shop, was placed 
between the collimator and the Rutherford prism of the spectrograph. It 

















Oil} 
pump 











Fig. 1. Experimental arrangement; spectral apparatus, solenoid, discharge tube, 
and means of supplying a steady flow of helium-oxygen mixture. 


was mounted in a tight wooden box, in which the temperature was observed 
with a Beckmann thermometer and regulated by electrical heating to within 
0.05°C. The interferometer plates were 2.5 cm in diameter and had been 
silvered by sputtering. 

In order to reduce the complexity of the interferometer pattern, and show 
clearly the states of polarization of the components observed, there was 
mounted immediately behind the slit a thin calcite plate, (Fig. 1) This 
plate was oriented to give close double images of the slit, the image lying to- 
ward the red end of the spectrum containing the light polarized perpendicular 
to the magnetic field (¢ comp), the other image containing the light polar- 
ized parallel to the magnetic field (t comp.). The orientation of the calcite 
plate was made on a Norrenberg polariscope, and was checked first visually 
with a Nicol prism, and second photographically on the Zeeman pattern of 
the argon line 7067A, occurring on some of our earlier plates. 

For photographing the auroral line Eastman Slow Panchromatic plates 
proved to be superior to Ilford Extra Rapid Panchromatic plates and Eastman 
astronomical green sensitive plates after all three were hypersensitized with 
ammonia. 

During the exposures, which required from 1 to 2 hours when the helium- 
oxygen mixture was employed, the discharge was frequently observed with 
a spectroscope of considerable dispersion. The mixture and pressure were 
adjusted to give maximum emission. 


MEASUREMENT AND DISCUSSION 


In many cases the appearance of forbidden lines has been ascribed to 
the disturbing influences of external electric or magnetic fields, which cause 
a breakdown of the selection principle. In order that the excitation of the 
auroral line should depend as little as possible upon such influences, we 
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worked with low magnetic fields. For a given Zeeman pattern the lower 
limit of the field required for its resolution is determined by the half-width 
of the line. Measurements by Babcock® on the light of the night sky and by 
Mc Lennan and his collaborators" on electrical discharges, gave 0.035A as 
the half-width of the auroral line. With the Zeeman pattern (1), 2/1 pre- 
dicted by Rubinowicz, the smallest separation between the components of 
the same polarization is 2Av norm. Thus we may expect that at any field over 
2400 gauss the inner components are resolved. 

The exposures were made with the interferometer plates separated by 
7.1045 mm. This value was determined by measuring the fractional order 
of interference of five secondary standards of the neon spectrum and deter- 
mining the whole order by systematic trial in the usual way." With this 
interferometer distance and a field of 2578 gauss (corresponding to a sole- 
noid current of 70.0 amp.) the Zeeman pattern predicted by Rubinowicz 
should appear with all four components clearly separated in each order, i.e. 
without overlapping. Fig. 2b is a reproduction of such an exposure, enlarged 
6 times. In this pattern the components are just separated; the ¢ com- 
ponents are already approaching the neighboring orders. In Fig. 2a the field 
has been increased to 3867 gauss at 105.0 amp. Here the 7 components are 
evenly spaced, but the ¢ components are just overlapping the adjacent orders. 
To permit measurements on the ¢@ components plate 2c was taken with a 
field of 2025 gauss (55.0 amp.), to give them an even spacing. As expected 
the * components are not resolved, but are perceptibly broadened. For 
the sake of completeness Fig. 2d was taken without field. The increasing 
magnetic resolution with increasing magnetic field can be easily followed 
through the four exposures by means of the divergent lines, dotted lines for 
7 components, full lines for @ components. Attention may be called to the 
absence of an undisplaced central component in Fig. 2a. 

Table II contains the results of the measurements on plates 2a, 2b, 
and 2c. 


TABLE II 
| | Av/Av norm 
Plate | Field moses = 

o comp. x comp. 

23 3867 1.035 
2b | 2578 2.018 0.922 

2c 2025 1.877 . 
Mean 1.948 0.979 


The calculations were made in the following manner. From the ring 
diameters, D,, as measured on a comparator, the fractional order of inter- 
ference, 5, of each component at the center of the fringe system was found 
by the usual relation: 

® Babcock, Astrophys. J. 57, 209 (1923). 


10 J.C. Mc Lennan and J. H. Mc Leod, Proc. Roy. Soc. A115, 515 (1927). 
" Lord Rayleigh, Phil. Mag. 9, 685 (1906). 
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Fig. 2. Interferometer fringes of the auroral line at four values of the magnetic field. 


The full lines pass through o-components, the dotted lines through 7-components. 
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D, is the linear diameter of the mth fringe from the center. From the dif- 
ference in order, 6—6’ between the fringes corresponding to +Av and —Avp 
in the Zeeman pattern, the separation in frequency is given by the expression 


6 — 6’ 
24v = ——}» 
2d 


where d is the interferometer plate distance. The values so obtained are 
divided by the normal Zeeman separation: 
Av norm = 4.674 X10-§X H derived from the value" e/m=1.761 X 107’. 

The transverse Zeeman pattern predicted for the auroral line by Rubi- 
nowicz was (1), 2/1, with all components of the same intensity. The slight 
deviation of the positions of the components, 1.95 instead of 2 for the ¢ com- 
ponents, and 0.98 instead of 1 for the t components, lies within the experi- 
mental error. While the field was known and held constant to within 0.2 
percent, the fringes could not be measured with as great accuracy, because 
surface irregularities in the calcite plate introduced local irregularities of 
intensity, as may be seen in the photographs. Thus we see no significance in 
the small deviation from the predicted values. 

The two 7 components are of equal intensity, as are the two ¢ compo- 
nents. The slightly greater intensity of the g components as compared with 
that of the t components is probably due to the polarizing influence of the 
various reflections encountered in the optical path, since all the other lines 
on the plates, with and without field, show darker o components. 

One of the authors (F.) is very much indebted to the Rockefeller Founda- 
tion for the grant of a fellowship and to Professor Millikan for the facilities 
extended to him in the Norman Bridge Laboratory. 


2 R. T. Birge, ‘Probable Values of General Physical Constants,’ Phys. Rev. Supplement 
1, 1 (1929). 
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GENERAL ELECTRIC COMPANY 
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ABSTRACT 


This paper describes measurements with a quartz monochromator and thermo- 
pile of the energy flux from the tungsten mercury arc which is the source of radiation in 
the General Electric Sunlamp. Data are given on the energy flux radiated in each 
of the principal mercury lines below 6000A and a curve is given for the distribu- 
tion of energy in the continuous spectrum between 2500 and 17000A. The maximum 
in the continuous spectrum curve comes at about 10600A where the energy flux in a 
50A band is 6.59 microwatts per cm? at one meter distance from the center of the arc 
in a direction normal to the plane of the leads when the arc is operated with 115 volts 
on the primary of the transformer. The energy maximum corresponds to that of 
tungsten at about 2500°K but the shape of the curve below 5000A corresponds more 
closely to that of tungsten at 3250°K which is approximately the maximum tempera- 
ture of the electrodes. For the radiation in a direction normal to the plane of the 
leads 1% of the total energy flux was found to lie between 2500 and 3200A, 1°% be- 
tween 3200 and 4000A, 10% between 4000 and 7600A,46% between 7600 and 17000A, 
29.5% between 17000A and the cutoff (roughly 40,000A) of a fused quartz plate 2.4 
mm thick and the remaining 12.,% at longer wave-lengths. 


N RECENT years many new applications have been found for sources 

of radiation in the ultraviolet and infrared as well as the visible portion 
of the spectrum. With each new source put into use there has arisen the need 
for measurements of the spectral distribution of its radiant energy. This 
paper presents data of this sort for the tungsten mercury arc which is the 
source of radiation in the General Electric Sunlamp. An analysis of the 
spectrum of this source over the wave-length region from 2800 to 7400A has 
been published by Benford.' An article by Coblentz? gives some data on the 
spectral distribution of the energy radiated from the complete Sunlamp unit. 
In the present article the average of energy flux values for a number of lamps 
are given for the principal mercury lines between 2500 and 6000A and for the 
continuous spectrum up to 17000A. 

For making these measurements the quartz prism monochromator de- 
scribed in a recent paper® was used. The lamp to be measured was mounted 
in front of the collimator slit without any intervening lens. It was turned 
so that the axis of the arc was perpendicular to the line from the center of 


1 F, Benford, J. Motion Picture Eng. 14, 414 (Apr. 1930), N. T. Gordon, F. Benford, G. E. 
Rev. 33, 290 (May 1930). 

2 W. W. Coblentz, J.A.M.A. 95, 411—Aug. 9, 1930. 

* W. E. Forsythe and B. T. Barnes, R.S.I. (Oct. 1930). 
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the arc to the center of the slit. With this arrangement energy radiated 
from all parts of the arc and from the electrodes entered the monochromator. 
The slit height was 6.6 mm, the focal length of the collimator lens 12 cm, 
and the distance from the slit to the center of the lamp 15 cm. Thus, light 
from the region approximately 1 cm in diameter containing the electrodes 
and the arc would illuminate an area 20 mm high and 8 mm wide at the 
collimator lens. Since the latter is 30 mm in diameter there was practically 
no loss of light in the monochromator except by reflection. Correction was 
made for the latter by use of the transmission curve for this instrument 
shown in the article mentioned previously.’ For use in the red and infrared 
this curve was extended parallel to the calculated curve up to 17000A. Such 
a long extrapolation, of course, introduces some uncertainty into the in- 
frared values computed by use of the curve. 

The energy passing through the rear slit of the monochromator fell 
on a thermopile. The sensitivity of the latter as determined by means of 
incandescent lamps calibrated by the Bureau of Standards is 2.3; X 10-7 volts 
per microwatt when it is used behind a 0.70 mm slit. This thermopile could 
be connected to either a D’Arsonval high sensitivity or a Coblentz type 
moving magnet galvanometer. The latter was adjusted to a sensitivity about 
five times that of the D’Arsonval and used in the ultraviolet portion of the 
spectrum where the amount of energy to be measured was relatively small. 

Below 6000A readings were taken on the principal mercury lines and 
at suitable intervals between them. To get the radiation due to the lines 
alone it was necessary to subtract the deflection due to the continuous 
spectrum from the actual readings which included both line and continuous 
radiation. To accomplish this the readings at settings where line radiation 
was negligible were plotted and the deflection due to the continuous spec- 
trum at each setting for a mercury line was obtained from the curves through 
these points. Below 4500A the less important mercury lines which were 
necessarily included with the continuous radiation may have raised the 
curve appreciably since the continuous spectrum is relatively weak in the 
ultraviolet. On the other hand, in the red and infrared the mercury lines 
are too weak, compared with the continuous radiation from the tungsten 
electrodes, to be detected. 

Having separated the line radiation from the continuous spectrum each 
may be reduced to absolute intensity. The energy flux in microwatts per 
cm? at one meter distance in the radiation comprising one of the lines of the 
mercury spectrum is: 


E, = Sd,x*/tA 


where S is the sensitivity of the galvanometer-thermopile combination in 
microwatts per cm deflection; dy is the galvanometer deflection due to the 
line itself—that due to the continuous radiation having been deducted from 
the actual reading—-x is the distance in meters from the center of the arc to 
the slit— is the transmission of the spectrometer at the wave-length of the 
line in question, and A the area of the front slit. It is assumed that the rear 
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slit is at least as wide as the front slit. Actually the rear slit was set at 0.70 
mm and the front slit at 0.50 mm so that for groups of neighboring lines such 
as at 3650 and 3130A all the radiation entering the front slit could pass 
through the rear slit and the above formula would still apply. In the case 
of the continuous spectrum it is desirable to introduce a dispersion factor 
to reduce the results to terms of a wave-length band of constant width. 
For the data given here this band was chosen as 50A. The energy flux in 
microwatts per cm? at one meter distance radiated in a band of continuous 
spectrum of this width is: 

— Sd-x? 50 


4 
4c 
tA Ww 





where d, is the deflection produced by the continuous radiation and w is the 
width in Angstroms of the band passing through the rear slit (0.70 mm 
wide). For obtaining w the dispersion curve was computed from the formula 
for the refractive index of quartz given by Coode-Adams‘ and the relation 
for minimum deviation— 


ds _ dD dD dn 4f dn 

dy 
where s represents distance along the spectrum, f is the focal length of the 
telescope lens (120.7 mm), D is the total deviation produced by both quartz 
prisms and the refractive index. 

No correction was made for impurity of the continuous spectrum due to 
finite slit-widths as it was found from computations on one set of data that 
the correction was not over 1% in any case. However, a correction for stray 
light in the ultraviolet portion of the spectrum was found necessary. Read- 
ings taken on a lamp with a purple Corex filter in front of the slit were divided 
by the transmission of the filter at each wave-length and the results sub- 
tracted from the corresponding readings without any filter. The differ- 
ence—presumably due chiefly to light scattered from the more intense por- 


tions of the continuous spectrum—was subtracted from corresponding read- 
ings on all other lamps. 


Da Ra Gun a 


SPECTRAL DISTRIBUTION OF ENERGY FLUX BELOow 17000A 


The averages of energy flux measurements made on twenty-six lamps. 
each operated with 115 volts on the primary of the transformer, are given 
by Figure 1. The curve shows the energy flux in microwatts per cm? at one 
meter distance in a direction perpendicular to the plane of the leads radiated 
in a band of the continuous spectrum 50A wide at any given wave-length. 
The energy radiated in the mercury lines is given by the length of the heavy 
lines drawn above the curve. These are plotted as if 50A wide so that the 
ratio of the area representing the line to the area under the curve for the 
continuous spectrum will be the ratio of the corresponding amounts of energy 
radiated from the lamp. 


* Coode-Adams Proc. Roy. Soc. A117, 209 (1927-8). 
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Several features of the curve for the continuous spectrum given in Fig. 
1 are of interest. The peak of this curve comes at about 10600A which is 
quite close to the maximum in the curve for the energy radiated by tungsten 
at 2500°K. However, the shape of the energy flux curve below 5000A is 
approximately the same as that for tungsten at 3250°K which is the tempera- 
ture of the hottest parts of the electrodes. Also the output of visible and 
ultraviolet radiation is much too high in comparison with the infrared 
energy for tungsten at 2500°K. These facts are easily explained if one takes 
into consideration the composite nature of the continuous radiation. The 
electrodes having temperatures above 3000°K radiate a relatively high pro- 
portion of energy in the visible and ultraviolet. The filament and the in- 
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Fig. 1. Energy flux (uw/cm?) 1 meter from center of arc in a direction normal to the plane 
of the leads. Lamp burning in the open (without reflector) with 115 volts on primary of trans- 
former. Average lamp current and voltage 30.95 amps. and 10.6 volts. Curve represents energy 
in 50A band of continuous spectrum. Heavy lines above curve give energy flux in lines or 
groups of lines in arc spectrum. 


candescent portions of the leads which are at much lower temperatures, 
but which, taken together, have a larger area than that of the electrodes, 
contribute a considerable portion of the infrared radiation and shift the 
maximum in the continuous spectrum curve toward longer wave-lengths. 


DISTRIBUTION OF TOTAL ENERGY FLUX FrRoM LAMP 


Although the range of the monochromator limited the energy distribution 
measurements to the region below 17,000A the amount of radiation of 
longer wave-lengths was obtained by measuring the total energy flux and sub- 
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tracting from it the total flux of wave-lengths shorter than 17,000A. Six of 
the lamps were mounted two meters in front of a calibrated thermopile and 
readings made on the total energy flux and that transmitted by a fused quartz 
plate 2.4 mm thick and by 2.5 cm of water in a Pyrex cell. Measurements 
with the water cell served as a check on the agreement between the energy 
flux measured after passing through the monochromator and that measured 
directly. The total energy flux transmitted by the cell was computed by 
multiplying the measured energy flux at each wave-length by the transmis- 
sion of the cell and integrating. The value obtained by this method was 
553 microwatts per cm? at one meter as compared with 560 measured directly. 
On a set of four lamps each located at one meter distance from the thermopile 
computations by the above method indicated that the average energy flux 
through the cell should be 588 microwatts per cm? at one meter distance. 
The measured value was 604. The agreement in both cases is within the 
limits of experimental error indicating that the extrapolation of the trans- 
mission curve of the monochromator was not seriously in error in the wave- 
length region between 5780 and 11,000A. 

The measured transmission of the water cell for the total energy flux 
from the lamp averaged 24.; percent for the group of six lamps with the dis- 
tance to the thermopile two meters and 23.; percent for the group of four 
lamps located one meter from the thermopile. The difference may be due to 
increased absorption of the longer infrared rays by the water vapor in the air- 
making the proportion of the rays not transmissible by the water cell less at 
two meters than at one meter distance. The vapor pressure computed by psy- 
chrometric readings was 12.2 mm when the group of six lamps was measured 
and 11.3; mm when the group of four lamps was measured. The corresponding 
room temperatures were 25.; and 24.9°C. 

For these ten lamps the average cut-off of the water layer as defined by 
Stockbarger and Burns,' 7.e., the wave-length for which the amount of radia- 
tion absorbed at shorter wave-lengths is equal to that transmitted for longer 
wave-lengths was 10500A. The maximum transmission of the cell was 0.87— 
a slight deposit on the interior of the cell making the actual value somewhat 
less than the computed one. Then we find that of the total energy flux at 
one meter distance along a line perpendicular to the plane of the leads the 
fraction which is of wave-lengths shorter than 10500A is approximately 
0.24, divided by 0.87 or 0.273. This is an average of the two sets of data 
disregarding the increased absorption of the air path for the lamps tested at 
a distance of two meters. 

Although the transmission curve for the fused quartz plate has not been 
determined, measurements with this filter give an upper limit to the amount 
of radiation beyond about 4y, the effective cut-off for a piece of crystalline 
quartz of the same thickness. Since the transmission of the fused quartz 
plate for the average total radiation for the ten lamps was 0.793 while the 
maximum transmission of quartz is 0.91, then 0.793 divided by 0.91, or 0.875 
is the fraction of the radiation below the effective cut-off of the filter which 


5 Stockbarger and Burns, Phys. Rev. 34, 1263 (1929). 
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is p"obably between 3.5 and 3.94. The bulb of the lamp having a temperature 
of about 300°C doubtless furnishes a large proportion of the energy of wave- 
lengths longer than 4u. 

By dividing the average value for the energy flux for each individual line 
by the average total energy flux one finds the fraction of the total radia- 
tion comprised in each line. Table I gives the results, representing the 
average of ten lamps, for the strongest lines and groups of lines in the mercury 
spectrum. The average total energy flux at one meter distance for these 
lamps was 2380 microwatts per cm.? The average lamp current and voltage 
were 30.9; amp. and 10.6 volts. 


TABLE I. Average energy flux for each of the principal mercury lines and corresponding 





115 volts on primary of transformer. 








Wave-length 5780 5461 4358 4047 3905 3650 3342 3130 
Microwatts/cm? at 1 meter 9.7 8.2 9.6 5S. O.¢ 17.4 mn: = 
Percent of total 0.4, 0.3, 0.33 0.2; 0.017 0.7; 0.045 0.5, 
Wave-length 3024 2967 2894 2804 2650 2537 
Microwatts/cm? at 1 meter 4.4, 2.5, 0.7; 0.65 0.6; 0.1: 
Percent of total 0.15 0.107 0.039 0.025 0.02; 0.005 














These data apply only to the energy flux in a direction perpendicular to the 
plane of the leads. For the total radiation from the lamp in all directions 
the spectral distribution of energy would be somewhat different. The total 
energy flux in the direction specified averaged for the ten lamps was 2.38 
milliwatts per cm*® at one meter distance as compared with the calculated 
value of 2.61 if the entire input of the lamp were assumed to be radiated 
with a uniform distribution. The difference is due to absorption in the layer 
of air traversed, losses by conduction and convection and non-uniform dis- 
tribution of the radiated energy. 

A summary of the energy flux in certain wave-length regions is given 
by Table II. These results are the averages for the same ten lamps for 
which data are given in Table I and likewise refer to the energy flux along a 
line passing through the center of the arc normal to the plane of the leads. 


TABLE II, Average energy flux in microwatts per cm* at one meter distance. 115 volts on primary 
of transformer. Average lamp current and voltage 30.9, amp. and 10.6 volts. 











Wave-length Region 2500-3200 3200-4000 4000-7600 7600-17000 >17000A Total 


Radiation 
Line spectrum 22.6 18.5 (32.7)* — en 
Continuous spectrum 0.6 5.2 209 — ee 


Continuous and lines 23.2 24.1 242 1090 1000 2380 











* Red lines in Hg spectrum included with continuous spectrum. 


The data of Table II show that the continuous spectrum furnishes less 
than 3% of the energy flux below 3200A but over 86% of the visible radia- 
tion. Since much of this continuous radiation is in the red end of the spec- 
trum where the visibility is low the continuous spectrum furnishes only 76% 
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of the light radiated in a direction perpendicular to the plane of the leads. 
This result was obtained by multiplying the average data for twenty-six 
lamps plotted in Figure 1 by the relative visibility at each wave-length, 
integrating graphically for the continuous spectrum and summing for the 
mercury lines. Photometric measurements, on other lamps, made in this 
laboratory by Miss Easley indicated that for the direction perpendicular 
to the plane of the leads the continuous spectrum furnishes 75% of the total 
light. Benford! gives a corresponding figure of 76%, also obtained by a 
photometric method. There is very good agreement between the three 
sets of results. The energy of the weak red lines of mercury does not ap- 
preciably affect the computations of the total light radiated in all the mer- 
cury lines. 

In the infrared the mercury spectrum could not be separated from the 
continuous radiation. Comparison with other mercury arcs indicates that 
between 1 and 2y the radiation in the mercury lines is of the order of 1% 
of the total continuous radiation in this wavelength region. 

The last line of Table II shows that for the energy flux at one meter dis- 
tance in a direction perpendicular to the plane of the leads 1% of the total 
radiation is of wave-lengths shorter than 3200A, 1% is in the wave-length 
region between 3200 and 4000A, and 10% in the visible spectrum. Mercury 
arc radiation of wave-lengths shorter than 6000A comprises only 3% of the 
total energy flux in the direction specified. 

Comparison of the data given in Table II and in the last two paragraphs 
with those published by Benford! indicates a fair agreement as to the amount 
of ultraviolet below 3200A. One would expect his values to be lower because 
the glass used for the bulbs which he tested had a somewhat lower trans- 
mission below 3200A than that used at the present time. Furthermore his 
lamps were operated at 30 amperes while ours were run with 115 volts on 
the primary of the transformer giving an average current of 30.9; amperes. 
One would not expect a close agreement. 

The fact that Benford’s data for the range from 3200 to 4000A is 41% 
higher than ours may be due to the circumstance that the line at 3650A 
which contributes the major part of this radiation varies considerably in 
intensity with varying mercury vapor pressure. Consequently different 
lamps may have a widely different output at this wave-length. Also the 
intensity of this line often increases over 50% during the first forty hours 
burning. Our data were taken on lamps which had been burned from three 
to five hours. 

For the region from 4000 to 7000A our data gives the energy flux as 
185 microwatts per cm? at one meter distance. Benford’s value is 28% higher. 
This difference is hard to explain since most of the radiation in this region, 
being in the continuous spectrum, is little affected by mercury vapor pressure 
and therefore changes comparatively little in intensity during the first forty 
hours burning. For the group of twenty six lamps for which the distribution 
data is plotted in Figure 1 the average deviation of the values on indivi- 
dual lamps from the mean for the energy flux between 4000 to 7000A was 
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about one-fourth the difference between Benford’s and our values and the 
maximum deviation only about one-half of this difference. It is possible, 
however, that the earlier lamps were less uniform than those being manu- 
factured now with respect to the average temperature of the electrodes. 
The latter of course, determines the distribution and total amount of con- 
tinuous radiation from the lamp. 

A satisfactory comparison of the data given in this paper with those for 
the complete Sunlamp unit published by Coblentz? is not possible. There 
are not sufficient data on the amount and distribution of radiation in other 
directions than along the normal to the plane of the leads, or on the reflecting 
power and the concentration of the beam by the reflector. Furthermore 
data obtained in this laboratory by Miss Easley showed that for six lamps 
the average temperature of the mercury pool was 7° greater with the lamps 
in the reflector unit but without the screen in place than when they were 
operated in open air. Data previously published’ show that the intensity of 
the ultraviolet radiation below 3200A would be 10 to 15% greater at the 
higher temperature. The intensity of the continuous spectrum would remain 
practically unchanged. In consideration of the above mentioned facts it 
should therefore be emphasized that the data in the present paper refer to 
the radiation from the lamp operated in the open and not to that received 
from the complete Sunlamp unit. 


* W. E. Forsythe, B. T, Barnes, M. A. Easley, G. E. Rev. 33, 364 (June 1930). 
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THE GENERAL ELECTRIC TYPE S-1 LAMP 
AS A SPECTROSCOPIC SOURCE 


By DonaLp DOooLey 
Hiram CoLcLece, Hiram, OHIO 


(Received September 15, 1930) 


ABSTRACT 


The possibilities presented by the General Electric type S-1 lamp as a spectro- 
scopic source have been investigated by employing lamps filled with argon, hydrogen, 
helium, neon and carbon dioxide. Nitrogen-filled lamps yielded the second positive 
bands of nitrogen greatly modified in form from that usually obtained from a Geissler 
tube discharge. The spectra of hydrogen-filled lamps which also contained mercury 
showed the mercury hydride bands while the spectra of carbon dioxide-filled lamps 
gave evidence only of the third positive bands of Deslandres. Further investigation 
of the more quantitative aspects of the problem will be studied. 


HE extreme intensity of the radiation from the General Electric Type 
S-1 lamp has led to the suggestion that an investigation be made of its 
possibilities as a spectroscopic source when filled at various pressures, with 
other gases than argon which it normally contains. Descriptions of the stand- 


Fig. 1. Details of General Electric type S-1 lamp. 


ard Type S-1 lamp will be found in the literature’ and only a few general 
statements need be made here concerning it. The Type S-1 lamp is a 300- 
watt alternating current tungsten-mercury arc of the form pictured below. 
The salient features of its construction are the V-shaped coiled filament con- 
necting the lead wires and the tungsten electrodes forming a spark gap 
between the ends of the filament (Fig. 1). It contains purified argon and a 


1 W. E. Forsythe, B. T. Barnes, M. A. Easley; G. E. Review, June, 1930, 358-365. 
N. T. Gordon, F. Benford; G. E. Review, May 1930, 283-295. 
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small amount of mercury and operates off the secondary of a transformer 
which yields about 30 volts when the circuit is first closed. The filament 
carries in the neighborhood of 9.5 amperes at this voltage and attains a very 
high temperature which starts an arc across the tungsten electrodes. Im- 
mediately the current rises to nearly 30 amperes and the secondary voltage 
falls to about 10 volts at the lamp terminals due to the characteristics of the 
transformer. At this voltage the filament carries much less current than ini- 
tially so that much the greater part of the total radiation originates in the 
intensely heated electrodes and the arc itself. Attention is called to the con- 
tinuous radiation in the visible region observed on all spectrograms in spite 
of the fact that the image of the arc alone was projected upon the slit of 
the spectrograph. It is not certain whether this is scattered radiation from 
the tungsten electrodes or comes directly from the arc. 

Examination of the spectrograms of radiation from the arc of a standard 
argon and mercury lamp (see Fig. 2) reveals the fact that, whereas for a few 
seconds when the lamp is first put in operation it emits a number of spectral 





Fig. 2. Spectra of lamp containing argon and mercury. (a) Taken at start of lamp 
operation. (b) Taken after 10 sec. operation. (c) Taken after 60 sec. operation. Quartz 
mercury arc comparison. 


lines attributable to argon, after a few minutes operation only mercury lines 
are emitted. The same characteristic is true of lamps containing helium, 
neon, nitrogen, and carbon dioxide together with mercury, an exception 
being observed in the case of hydrogen-filled lamps. The latter continue to 
radiate bands ascribed to mercury hydride® together with several other bands 


at shorter wave-lengths than the recognized mercury hydride bands (see 
Fig. 3). 





Fig. 3. Spectrum of hydrogen filled lamp containing usual amount of mercury. Lower 
comparison is spectrum of standard type S-1 lamp. Upper comparison is quartz mercury 
are. 


Lamps containing gases alone without the mercury provide more inter- 
esting results in most cases. Notable in this class was the spectrum of nitro- 


2 A. Kratzer, Ann, d, Physik 71, 102 (1923); R. S. Mulliken, Nature 113, 489 (1924). 
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gen, which gas could be made to are only with difficulty if the pressure was 
greater than a few millimeters. At a pressure of 5 millimeters the are struck 
at normal operating voltage and the spectrograms showed the second positive 
bands of Deslandres greatly modified, the band subheads being entirely sup- 
pressed and the lines of each band being clearly visible at the head of the 
succeeding band (Fig. 4+). This effect has been observed in other sources, 
Lewis’ associated it with the presence of an inductance coil in the secondary 





Fig. 4. Spectra of nitrogen filled lamp without mercury showing second 


positive bands of nitrogen. Quartz mercury are comparison. 


circuit of the transformer. However such a coil placed in the circuit failed 
to produce a visible effect in this case. Further investigation of this point 
will be undertaken soon. 

With nitrogen at pressures of 25, 50 and 100 mm excitation of the gas 
could be initiated only by employing voltages high enough to melt the stand- 
ard 30 volt filament, the arc starting at the break, quickly melted the filament 
back to the electrodes which in turn were melted if the applied voltage was 
not immediately reduced. Spectra of the lamps operating under these condi- 
tions with approximately 40 amperes across the are and the electrodes fre- 
quently molten consist of a very great number of lines the emitter of which 
has not yet been determined (Fig. 5). 





Fig. 5. Spectra of nitrogen filled lamp operated at unusally high current 
density. Quartz mercury arc comparison. 


Similar rich line spectra were obtained with helium, neon and argon when 
lamps containing them were operated for a few minutes at the normal current 
of 30 amperes. However, as no attempt had been made to purify the sam- 
ples of gases used, nitrogen could very well have been present in varying 
amounts. This was proved to be true in the case of the argon first used, spec- 


3 E. P. Lewis, Astrophys. Jour. 40, 148 (1914). 
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trograms of which showed the nitrogen bands when the arc carried moderate 
currents. In these rich line spectra many of the lines are common to the 
spectra from lamps containing nitrogen, neon, helium and argon. The wave- 
lengths of the lines of several spectra have been measured but their identifi- 
cation has not been determined. 

Carbon dioxide was especially interesting in that, at a pressure of less 
than a millimeter, both in lamps with mercury and in those without it the 
bands of the third positive group of Deslandres were present together with 
other bands in the visible, which are obscured by the background of con- 
tinuous radiation. 

All the spectra shown in this paper were obtained from lamps in the regu- 
lar Corex bulb which does not have a very high transmission! for wave-lengths 
shorter than about 2700A. Some spectra taken with the S-1 lamp in a quartz 
bulb* show many lines as far down as the plates used were sensitive. This 
lamp in the regular Corex glass bulb makes a very good source for spectro- 
scopic work and by using a quartz bulb the range can be considerably 
extended into the short ultraviolet. A continuation of the investigation is 
being undertaken in which more quantitative work will be done on the above 
mentioned gases and a number of others. 

This work was performed in the Lamp Development Laboratory of the 
General Electric Company at Nela Park. The author wishes to acknowledge 
his appreciation of the privilege of working in the laboratory and also of 
the assistance and consideration afforded him by Dr. W. E. Forsythe and 
other members of the laboratory staff. 


‘W. E. Forsythe, M. A. Easley, Phys. Rev. 36, 150 (1930). 
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THE BEHAVIOR OF A MERCURY VAPOR ARC WITH A 
JET OF LIQUID MERCURY AS CATHODE 


By Austin M. Cravatnu* 
PRINCETON UNIVERSITY 
(Received September 22, 1930) 
ABSTRACT 


A mercury vapor arc in which the cathode was a jet of liquid mercury with a 
velocity up to 2400 cm per sec. was built to see if a stationary cathode spot with 
moving mercury could be obtained instead of the usual moving cathode spot and 
stationary mercury. Usually the arc refused to run to the exposed part of the jet. 
When a cathode spot did appear on the jet, it moved in the usual irregular manner, 
and increasing the jet speed tended to make the spot leave the jet. 


HE motion of the cathode spot in the ordinary mercury vapor arc, 
with a pool of mercury acting as a cathode, interferes with the study of 
the conditions near the cathode (e. g. potential distribution, electron density 
and velocity). To avoid this difficulty, Compton and LaMar used a cathode 
consisting of a quartz tube, with a 2 mm hole at the top, kept filled with mer- 








Fig. 1. The arc tube, showing the arrangement for the mercury jet cathode. 


cury up to the level of the hole. This limited the range of motion, but did not 
stop it, and there was still that unsteadiness in the arc which results from 
the unsteadiness of the cathode spot. 

While it is not to be expected that the relative motion of cathode spot 
and mercury surface can be prevented without radically changing the nature 


* National Research Fellow. 
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of the spot (as is done by having a tungsten wire project up through the mer- 
cury surface), it occurred to the writer that it might be possible to obtain this 
relative motion by moving the mercury instead of the spot. An arc was there- 
fore constructed, as shown in Fig. 1, in which the cathode was a jet of liquid 
mercury, 1 mm in diameter. Issuing from the nozzle N and passing into the 
receiver R. Two anodes, A and B , were provided. 


OBSERVATIONS 


The are was run at various currents, from one ampere to ten amperes, 
and at various temperatures from room temperature up to probably 150°C. 
Both anodes, A and B, were tried. Various receivers were used, having 
openings from about 1.2 mm (so small that the jet had to be aimed by keeping 
one side of the tube heated while running) up to 5 mm. The arc was also 
turned on its side, and run with no receiver, but with the jet striking the 
end of the tube, the mercury being drained out at the bottom. Jet speed 
varied from 45 to 2400 cm per sec. The effect of a permanent magnet held 
near the arc in various positions was tried. In some cases an additional con- 
nection to the mercury was made in the receiver, and a current of 8 amperes 
was passed through the jet stream (superimposed on the arc current) from 
nozzle to receiver. This produces a magnetic field tending to drive the spot 
toward the nozzle. 

At no time could a stationary cathode spot on the jet be obtained. With 
a receiver, the arc invariably ran into the receiver, forming a bright glow 
about the jet, but no regular concentrated cathode spot. The 8 ampere cur- 
rent passing through the jet stream from nozzle to receiver tended to drive 
the glow up toward the mouth of the receiver, and even to drive some diffuse 
glow out around the jet before it entered the receiver. A few times, with small 
diameter receiver, there was temporarily a regular concentrated cathode 
spot, running along the exposed part of the jet, in addition to the glow in 
the receiver, but this could not be reproduced. Increasing the jet speed 
increased the glow in the receiver, and thinned out the zigzag pattern traced 
by the spot on the jet. The distance to which the arc penetrated the receiver 
increased with increasing jet speed, and also depended on the receiver diam- 
eter, varying from as much as 20 cm sometimes, with a 5 mm receiver, to 
less than 1 mm with the smallest (about 1.2 mm) receiver. 

With no receiver there was a regular cathode spot, running irregularly 
around the jet, at the point where it was breaking up. This was in the open 
at low speed, and against the wall at high speed. 

The results may be summed up in the statement that in all cases the arc 
tended to run down stream, along the jet, and this tendency increased with 
increasing jet speed. 








NOVEMBER 1, 1930 PHYSICAL REVIEW VOLUME 36 


THE DIFFRACTION OF A CIRCULARLY SYMMETRICAL 
ELECTROMAGNETIC WAVE BY A CO-AXIAL CIRCULAR 
DISC OF INFINITE CONDUCTIVITY 
By JoHN BARDEEN 
DEPARTMENT OF ELECTRICAL ENGINEERING, UNIVERSITY OF WISCONSIN 


(Received August 22, 1930) 


ABSTRACT 


A disc of infinite conductivity, whose radius is a, and whose center is at the 
origin, lies in a plane which is perpendicular to the s-axis of cylindricai coordinates, 
r,z, @. Acircularly symmetrical electromagnetic wave of wave-length \ impinges on 
the disc, and the resultant field is required. The solution depends upon solving an 
integral equation of the first kind. When 27a/\ <1, this equation reduces to an inte- 
gral equation similar to Abel's which may be solved explicitly. As an illustration 
the solution is obtained for the diffraction of a wave due to an oscillating electric 
dipole whose axis is the axis of s. It is mentioned that these equations have been 
used in determining the powerflow into the earth below a vertical antenna which is 
grounded by a circular disc lying on the surface. 


1. FORMULATION OF THE PROBLEM 


ONSIDER a disc of radius a whose center is at the origin and whose 
plane is perpendicular to the Z-axis of cylindrical coordinates r, z, ¢. 
A circularly symmetrical electromagnetic wave impinges on the disc, and the 
resultant field is required. Heretofore in such problems the disc has been 
treated as the limiting case of an oblate ellipsoid of revolution.!. A solution 
in the form of a definite integral may, however, be directly obtained without 
making use of this limiting process. 
The electric intensity E’ and the magnetic intensity H’ of the incident 
wave are assumed to be of such nature that: 


H,/ = H/ = E,' =0 


and that H,’, E,’, and E,’ are independent of ¢. The dependence of this wave 
on time is to be of the form e-***, 

In diffraction problems, the field due to the disc is considered separately 
from the incident wave. This field alone will be considered here, the incident 
wave being taken into account only through the boundary conditions. The 
electric intensity E and the magnetic intensity H of the field due to the disc 
must satisfy Maxwell’s equations for free space, which in this case reduce to: 


H, = H, = E; = 0 (1) 


1 Hertzfeld, Wiener Berichte (1911) p. 1587; Méglich, Ann. der Physik 83, 609 (1927). 
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iwull, = 
Oz Or 
oH. 
— inpE, = —— 
Oz (2) 
. ’ 1 @ 
— iwpE, = — —(rHsz) 
r or 
1 a _ OE, 
— —(rE,) + —=0 
r or Oz 
In th ~, 2uuns E and H are expressed in the rationalized practical 


system of units.’ 

The disc is assumed to be of infinite conductivity. Thus the radial com- 
ponent of the electric intensity of the total field must vanish on the surface 
of the disc. This requires that 


(E,)n0 = f(r) for r<a (3) 


where f(r) is the negative of the radial component of the electric intensity 
of the incident wave at z=0. From symmetry considerations it is seen that 


(E.) 2=0 = (0 for r>a (4) 
and that 
(H,).-0 = 0 for r>a. (5) 


It is required further that E and H be continuous functions of (7, z) through- 
out space except at the disc, and that they vanish to proper orders at infinity. 


2. SOLUTION OF THE PROBLEM 


An appropriate solution of Eq. (2) is: 


E, = f Ti(Ar@(A)(A2 — h2)'/2eF2O*—# AGH (6) 
0 
E,= + f J o(Ar)o(d) rere") (7) 
0 
H, = *iap f Ti (aro (ayet gnu? (8) 
0 


The upper signs are used for positive z, while k=w/c, where c is the velocity 
of light. The symbols J) and J; represent the ordinary Bessel’s functions. The 
quantity (A) is an arbitrary function of A, independent of the coordinates. 


2 In this system: Magnetic intensity, H, is expressed in ampere-turns per cm. Magnetic 
flux density, B, is expressed in webers per sq. cm. (= 10® maxwells per sq. cm.). Permeability, 
u=B/H =47r/10~° for free space. Electric intensity, E, is expressed in volts per cm. Displace- 
ment, D, is expressed in coulombs per sq. cm. Permittivity, p=D/E=8.85/10-" for free 
space. 
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It may be chosen in such a manner as to satisfy the boundary conditions 
( (3), (4), and (5) ) and is, of course, subject to the restriction that it must 
produce proper convergence of the integrals. 

The method of solution is somewhat analogous to Beltrami’s theory of 
symmetrical potentials.* Choose: 


o(A) = f F(s) cos [s(d2 — k?)!/2]ds (9) 
0 
where F(s) is arbitrary. From ‘<q. (7) 
0 
7(E.)29 = “yf Ji(Ar)o(A)dr (10) 
or 0 


Substituting the value of @(A) given by Eq. (9), and changing the order of 
integration, there results: 
°(E.).9 = + <, f’ F(s) yas fo Ji(Ar) cos [s(A? — k?)*/2] dn (11) 
0 
For r>a 


r(E:).-09 = + —r —~ —— = (0). (12) 
or r 





0 f F(s) cosh (ks)ds 


Thus Eq. (4) is satisfied. 
Next F(a) will be chosen so that Eq. (5) is satisfied. From Eq. (8) 























(Hs):n0 = Fiwp f “TOwo(a)ar. (13) 
Now from Eq. (9) 
sin [a(A? — 2)!/2] a [s(A2 — k®)1/2] 
<1 - | roe 
Thus 
° sin [a(A2 — k®)!/2] 
(Hs) = Fig] P(0) f LO) 
= [roa f00= nor = a. | (15) 
. . OF — ee 
For r>a 
(Hs) 0 = Fie] sinh (ka) . f F’(s) sinh eel - (16) 
kr 0 kr 
This equation gives F(a) in terms of F’(s): 
F(a) = fo "03 Reka (17) 
sinh (ka) 


’ Webster: Partial Differential Equations of Mathematical Physics. p. 368 (1927). 
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Next F’(s) is determined in such a manner that Eq. (3) is satisfied. 
Substituting Eq. (14) in Eq. (3): 


(E,) 0 = f s00]r@ sin [a(A? — k?)1/2] 
" (18) 
-f F'(s) sin [s(A? — Kas Ja. 


The value of F(a) from Eq. (17) is now substituted in Eq. (18). Changing 
the order of integration: 


: . {Fr sinh (ks) | : ol 2 p2)\1/2 
(E,)2n0 = J I a prs (ka) as f J,(Ar) sin [a(a k?)1/2] dy 


-f Fi(syas [ J (Ar) sin [s(A2 — &?)!/2] dn. (19) 
0 0 
For r<a 





r(E,).-0 = f(r) = — f SF's) [k(r? — 200 


(r2 — s?)1/2 
+ if rol sinh [k(a? — r?)1/2] sinh (ks) _ s sinh [k(s? a r?)! 2] 
0 


(a? — r*)!/? sinh (ka) (s? — r?)1/2 





as (20) 


This is an integral equation of the first kind for the determination of 
F’(s). It probably possesses no solution of a simple form. If, however, the 
second integrand be expanded in a power series in ka, we find that the leading 
term is 





iF’(s)ka E sr?(a? — s*) (ka)5 


sinh (ka) 3 a5 


+ higher order terms | 
sinh (ka) . 


Let us now assume that ka <1, the final result being, of course, subject 
to this restriction. Remembering that 7 in Eq. (20) is less than a, it appears 
that the second integral of Eq. (20) will be much smaller than the first unless 
abnormally great values of F’(s) occur between s=r and s=a. We will 
therefore assume that the second integral of Eq. (20) is negligible as compared 
to the first. The validity of this assumption for any definite problem must be 
checked after F’(s) is calculated, by direct test of the final result in the 
original conditions of the problem. In the special cases for which calculation 
has been completed, the error involved has been found to be less than one 
percent. 

We thus have left an integral equation similar to Abel’s equation,‘ 
which may be solved in much the same manner. This equation is: 


ti nim f F'(s)s cos [k(r? — s?)1/2]ds 


(r? om gs?) 1/2 





(21) 


‘ Bocher, An Introduction to the Study of Integral Equations, p. 8, (1914). 
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It is interesting to note that this equation for the determination of F’(s) 
no longer contains the parameter a. Thus we will proceed formally as though 
the functions f(r) were known for all values of r. In the final equations 
F’(s) will involve a knowledge of f(r) only from r=0 to r=a. Let 


k re) 
an F'(s) -_ f Bg[(k? — p?)! 2|7o(Bs)dB +f Ag[(d? + k?)1/2] Jo(ds)dd (22) 
0 0 


where g[p] is a function to be determined. Substituting this value for 
F’(s) in Eq. (21) and changing the order of integration, 


cos [k(r? — s*)! 2| 


k r 
rf(r) = J Bg|(k? — Bp)! ‘Jas f sTo(Bs) ds 





(r? a s*) 1/2 


(23) 














x 2 cos [k(r? oes s?)1/2] 
+f Ag[(A2 + k2)! ‘Jan | sJ (As) ds 
0 0 (r? anit gs?) 1/2 
k sin [r(k? — 62)1/2] 
= } Bg[(k? — B)!” dp 
J | (k? — B?)! 2 
. sin [r(A? + k?)!/2] 
+f Ag[(A2 + k?)1/2] dy (24) 
6 | (r? a k?)! 2 
or, changing the variable of integration, 
rhe) = [s(0) sin (redo. (25) 
0 
This is a Fourier integral equation, the solution of which is 
y ea) 
g(p) = =f af(a) sin (ap)da (26) 
T 9 
cos (ap)|* 2 “*% cos (ap) ° 
= = 2aflay | = aya) de. (27) 
™p io T Jo da p 





Since f(a) vanishes to a higher order than 1/a ata= ©, the first term van- 
ishes. Substituting the remainder in Eq. (22) 


-F() = =f laptayaa f ‘riage 
T 0 0a 0 (k? ba B*)*/2 
cos [a(A?2 + k?)!/2] 
t+ eye 





(28) 





4 - J “(ejle))da J 008 


eo 2 *1 94 a cosh [k(s? — a?)1/2] 
ree J — —— (af(a)) da (29) 


(s? — q?)1/2 





The solution of the problem is now complete, since we may write from 
Eq. (14) and Eq. (17), 


5 Since f(r) is essentially a component of the incident field, it vanishes at infinity as 1/r?. 
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. sin [a(A? — k?)!/2] sinh (ks) sin [s(A2 — k?)/2] 
$(d) = f I | ahaa a es (30) 


and the components of the field are then obtained directly from Eq. (6), 
(7), and (8). 














Thus 
¢__. sinh (ks) * » >. sin [a(A? — k2)1/2] 
H, = *ivp [ F'(s)— as f J (vr) eF2 Okt : aN 
0 sinh (ka) p (A2 — &2)1/2 
y . » 2,9 Sim [s(A* — k*)*/?] 
+ inp f F'(sjas f Ji (ArjeFeO-k yi 
0 0 (x2 — R2)1/2 
1 . sinh (kJ) sinh (ks 
= + —*f F'(s) & 1) ( ) = ei kR2 sinh (kI2) es (31) 
kr Jo sinh (ka) 
where 
Ri + il, = [r? + (ia + 2)?]!? 
and 


Ro + il, = 'r? + (is + 2)?]!/2. 


The upper signs are used for positive z and the lower for negative z. Deriv- 
atives of H, give E, and E,. 





E. - ft ~* 
wp 2 | 

> 32 

sa | (32) 
E, ae —(rH,) 
wpr or / 


In many important cases f(a) is given in the form of an integral. 





fla) = [  Wo)J(ap)dp. (33) 
0 
Then 
a = a J d 34 
— —(af(a)) = J ph(p)Joap)dp (34) 
and 
i 2 f* . cosh [&(s? — a?)!/2] 
PO) = — = J ehlodde f° ada) 


(35) 





2 ff? sin [s(p? — k2)!/2] 
=< —{ ph(p) - oe 
rT Jo (p? — &*)*/2 
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3. ILLUSTRATIVE EXAMPLE 


As an example, F’(s) will be calculated for the diffraction of a wave due to 
an oscillating electric dipole. The axis of the dipole is the Z-axis and it is 
located a distance H above the disc. Then 


By) = — [pte ey (pr)dp (36) 
0 
so that 
f(a) = [orem "7,(padp (37) 
0 
and 
h(p) = pre~H(o*— kyu (38) 


Thus from Eq. (35) 


i »., sin [s(p? — k?)1/2] 
Fs) = -— f pre Moor kiyus = ——"dp (39) 
T V9 i =~ ay" 


= fooul = (H? — s*) sinh (ks) + 2ikHs cosh ae 











(H? + 52)? 
os cal [- s3) cosh So +1 and H*) sinh =| (40) 
2 ;* 


This value of F’(s) is then substituted in Eq. (31) to obtain the components 
of the field. The resulting integrals are rather complicated, but may be 
numerically evaluated by mechanical means. 

These equations have been used in determining the power flow into the 
earth below a vertical antenna which is grounded by a circular disc lying on 
the surface. (The disc is an idealized case. Actually a number of radial wires 
would be buried in the earth.) The results of this investigation will be 
published elsewhere. 
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A LOW GRID-CURRENT VACUUM TUBE 
By G. F. MretcaLF anp B. J. THoMPson 
Vacuum TUBE ENGINEERING DEPARTMENT 
GENERAL ELEcTRIC COMPANY, SCHENECTADY, NEW YORK 
(Received September 15, 1930) 
ABSTRACT 
The various factors that may cause a current to flow to the control grid of a high 
vacuum tube are outlined. The magnitudes of the separate components are experi- 
mentally determined, and methods are given by which these currents may be greatly 
reduced. A tube is described which has a grid current of 10~ ampere and a mutual 
conductance of 25 microamperes per volt. As an input resistance of 4X10" ohms 
may be used, a current of 107’? ampere may be detected when a galvanometer having 
a sensitivity of 10~'° ampere per millimeter is used in the plate circuit. Under this con- 
dition the sensitivity is 250,000 millimeters per volt. 


INTRODUCTION 


T WOULD appear that since the grid of a high vacuum tube exerts 
electrostatic control of the plate current such a tube could be used as an 
electrometer. It is ordinarily found, however, that the grid current is not 
negligible. It is the purpose of this paper to show the amount and cause of this 
current, and to describe a tube which has the grid current reduced to a 
minimum and yet retains a considerable amount of control. This is an impor- 
tant factor in its use as an electrometer as has been shown by numerous 
investigators.'** Ina great part of the previous work done in this field little 
or no attempt has been made to analyze the cause of the grid currents or to 
develop tubes with a greatly reduced grid current.‘ 


SOURCES OF GRID CURRENTS 


The grid current in a high vacuum tube, when the grid is sufficiently 

negative to repel all electrons, may be due to any or all of the following causes: 

(1) Leakage over glass or insulation. 

(2) Ions formed by gas present in the tube. 

(3) Thermionic grid-emission due to heating of grid by the filament power. 

(4) Ions emitted by the filament. 

(5) Photo-electrons emitted by the control grid under action of light from 

the filament. 

(6) Photo-electrons emitted by the control grid under action of soft x-rays 

produced by the normal anode current. 


1P. 1. Wold, U.S. Patent No. 1232879 (1916). 

? Wynn-Williams, Proc. Camb. Phil. Soc. 23, 810 (1927). 

3 Nottingham, Jour. Franklin Inst. 209, 287 (1930). 

* During the preparations of this paper a description of a tube for measuring currents as 
small as 10-" ampere has appeared. H. Nelson, Rev. of Scientific Inst. 1, 281 (1930). 
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The leakage over insulation is relatively small compared to the other 
currents and may be reduced to a minimum by the usual methods. 

Attempts were first made to maintain a vacuum high enough to permit 
operation of the tube at voltages above the ionization potentials of any gas 
present, but it was found that with the highest obtainable vacuum the posi- 
tive ion current was greater than 10~' ampere. When all potentials were held 
below 8 volts no current which could be attributed to ionization of gas pre- 
sent was found. 








Fig. 1. Photograph of new Type FP-54 low-grid-current pliotron tube. 


Any effects of the grid heating may be eliminated by using low filament 
power and large open structures. 

It has been shown by Smith,® Wahlen® and others that positive ions are 
emitted by a hot filament in large numbers. These ions are drawn to the 
negative control grid and may amount to as much as 10-" ampere from a 


5L. P. Smith, Phys. Rev. 35, 381 (1930). 
6 Wahlen, Phys. Rev. 34, 164 (1929). 
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small tungsten filament. To overcome this effect a space-charge grid is 
placed between the filament and control grid which repels all ions since it 
is operated at a positive potential. This grid, of course, also increases the 
mutual conductance of the tube. 

While photo-electrons are not emitted by pure nickel or molybdenum 
grids under action of light from the filament, there is invariably enough con- 
tamination to cause an appreciable current. This effect is greatly reduced by 
using thoriated filaments operated at a low temperature. 

In order to determine the magnitude of the current emitted by soft x-rays 
from the anode several special tubes were constructed in which a nickel or 
molybdenum plate was so mounted that it received only soft x-rays produced 
by the impact of 4 to 10 volt electrons. With potentials above 6 volts the 
currents were in all cases greater than 10- ampere. Photoelectric emission 
due to such soft x-rays has been demonstrated by numerous investigators.’ 
By the use of very low anode voltages the currents due to this cause were 
reduced to an inappreciable value. 


DESCRIPTION OF TUBE DEVELOPED 


The tube as finally developed is, as mentioned, a space-charge grid tube. 
The control grid is brought out of the top of the bulb, while the other ele- 
ments terminate in a standard UX base. The control grid is mounted on 
quartz beads shielded to prevent surface contamination. The filament is 
of thoriated tungsten and consists of two legs in parallel to keep the voltage 
low. The general structure is shown in the photograph. (Fig. 1). 

The most desirable operating conditions and the characteristics at these 
conditions were found to be as follows: 


Filament voltage = 2.5 v. Filament current +100 ma. 
Plate voltage 6.0 v. Plate current = 40 pa. 
Control grid voltage —4.0v. Mutual conductance =25 ya/v. 
Space charge grid voltage 4.0 v. Amplification factor = 1.0 

Plate Resistance =40000 ohms. 


Under these conditions representative tubes have a grid current of about 
10- ampere while the input resistance is of the order of 10° ohms. The 
input capacity is about 2.5X10-" farad. Fig. 2 shows plate current and grid 
current plotted against grid voltage for such a tube. 

The effects of filament temperature are shown in Fig. 3. The rapid in- 
crease in grid current above 2.5 volts on the filament is attributed to photo- 
electric emission from the grid due to the light from the filament. Fig. 4 
shows the effects of plate-voltage variation. The considerable increase in grid 
current above 6 volts is due to photoelectric emission caused by soft x-rays, 
while the great increase above 8 volts is due to ionization. 


70. W. Richardson, Proc. Roy. Soc. A110, 247 (1926). 
® C. H. Thomas, Phys. Rev. 25, 322 (1925). 
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METHODS OF MEASURING SMALL CURRENTS 


The method used in measuring the grid current of the tubes consists in 
determining the rate of change of grid potential when the grid is free. The 
plate current of the tube serves as the indication of grid voltage. Of course, 
t-=C,de./dt. The input capacity C, may be measured quite accurately, 
while the rate of change of grid voltage is readily determined with a stop 
watch. With this method there is practically no minimum limit on the mag- 






Perre Currenr (70 *%AmP ) 


~ 
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Fig. 2. Plate current and control grid current as a function of grid voltage. 


nitude of the grid current which may be measured, except that imposed by 
the time required to obtain an appreciable deflection on the galvanometer 
used in the plate circuit. 

This method may be applied to the measurement of any small current. 
If the current is of the order of 10-* ampere or greater, the grid current may 
be neglected. For measuring smaller currents the grid cuirrent may be sub- 
tracted from the indicated value. 

This tube may be used in any of the methods previously described!.?.3 
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for indicating currents directly with better results than are obtained with 
ordinary tubes. 

Neglecting for the moment variations in supply voltages, all currents of 
this tube are very steady, no drift in plate current being appreciable on a 
galvanometer having a sensitivity of 10-'° ampere per millimeter. 

The variation in grid current should not produce an error of greater than 
10-'? amperes in the measured current, so that the limiting value to be mea- 
sured may be taken as of this order. If a direct indicating method is used the 
input resistance to give an appreciable deflection on a galvanometer of 10-'® 
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Fig. 3. Effect of filament temperature on grid current. 


ampere sensitivity with a current of 10-'’ ampere is 4X10" ohms. Various 
means of obtaining such resistances have been described.’ With this gal- 
vanometer the sensitivity of the unit is 250,000 millimeters per volt. If 
amplification is added after the electrometer tube a smaller input resistance 
may be used, or a less sensitive galvanometer. 

No leakage troubles are experienced with these tubes provided they are 
used in dry air. This has been accomplished by operating the tube in a rela- 
tively air-tight container with a dryer such as phosphoric pentoxide. 


® Mulder & Razek, J.0.S.A. & R.S.1. 18, 470 (1929). 
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Drift of supply potentials has been minimized by using storage batteries 
of ample capacity. Since the voltages and currents are very low this presented 
no problem. 

It is felt that the tube as described will prove to be a very useful scientific 
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Fig. 4. Effect of plate-voltage variation on the grid current. 


instrument, offering advantages in sensitivity and convenience over the com- 
mon forms of electrometer. 

The writers desire to acknowledge the helpful suggestions and the en- 
couragement offered by Dr. A. W. Hull throughout this investigation, and 
the careful work of Mr. G. M. Rose in taking much of the data. 
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CATAPHORESIS IN ROTATING ELECTRIC FIELDS* 


By E. M. PuGu anp C. A. Swartz** 
CALIFORNIA INSTITUTE OF TECHNOLOGY 
(Received September 17, 1930) 
ABSTRACT 


A new method of making cataphoresis measurements on colloid particles has been 
developed and tested. The method makes use of a rotating electric field which causes 
the particles to move in circles. In this way it is easily possible to test the effect of 
variable speed of the particle on the distribution of the diffuse electric double layer 
surrounding it. The results obtained indicate that this effect is negligible. Further- 
more, it has been discovered that the mobility of the small particles (below 10~ cm in 
diameter) fluctuates widely and this is made very evident to the eye by the fluctua- 
tions in the circular paths of the particles. The fluctuations are quite violent with 
particles as small as 10-* cm in diameter. Considerable study of these variations has 
been made as well as an attempt to explain them qualitatively. 


INTRODUCTION 


HE alternating field method of measuring cataphoresis of colloid 
particles in the ultramicroscope, first introduced by Cottonand Mouton,! 
has not come into general use for this purpose although it possesses the dis- 
tinct advantage of measuring instantaneous mobilities of individual particles. 
This is undoubtedly due to the fact that the interpretations of such meas. re- 
ments have been open to question since the particles cannot have the uni- 
form velocities, always assumed in cataphoretic theories, when in A.C. 
fields. They must have different velocities in different parts of their paths. 
For example, Bliih? found that the apparent mobility of silver particles 
in water increased with the frequency—an unexplainable result. It was a 
question whether the diffuse double layer could be out of phase with the 
particle and thus noticeably influence the measurements. 
The advantages of the A.C. method can be preserved and most of the 
objectionable features removed by using a rotating field‘ produced by apply- 
ing a two phase A.C. source to four electrodes placed at the corners of a square 


* This paper contains results obtained in an investigation on “The Fundamentals of the 
Retention of Oil by Sand” listed as Project No. 36 of American Petroleum Institute Research. 
Financial assistance in this work has been received from a research fund of the American 
Petroleum Institute donated by Mr. John D. Rockefeller. This fund is being administered by 
the Institute with the cooperation of the Central Petroleum Committee of the National Re- 
search Council. 

** American Petroleum Institute Research Fellows. 

1 Cotton and Mouton, Compt. Rend. 138, 1584, 1692 (1904). 

2 Bliih, Ann. d. Physik 78, 177 (1925). 

3 Blih, Ann. d Physik 79, 143 (1926); 80, 181 (1926). 

‘Cotton and Mouton, in Compt. Rend. 138, 1584 (1904) suggested the possibility of 
using colloid particles in a rotating field as a kind of oscilloscope to analyze three-phase po- 
tentials. 
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in a cataphoretic cell. Over a small area in the center of the square, the 
field thus produced will be practically uniform, constant in magnitude, and 
rotating with a constant angular velocity. This rotating field will cause 
each particle in this small area to describe the circumference of a circle 
with each rotation of the field. The greater the mobility of the particle the 
larger will be the circle which it will be able to traverse, and its speed will 
be given simply by the product of the circumference of the orbit by the fre- 
quency applied. Particles with constant mobility thus will move at constant 
speed, and the double layer or ionic cloud generally assumed to surround 
all colloid particles will reach the same kind of dynamic equilibrium as it 
would if the particle were moving in a straight line. 

In the cell here developed, the electrodes were spaced sufficiently far 
apart so that the entire field of view in the high power microscope was small 
enough to fulfill the requirement of being a small area. On looking into the 


microscope, one finds the entire field of view filled with small circles or 
toroids of light. 


THEORY 


In the small section of the cell under observation, the electrostatic field 
will be that due to the superposition of the two fields arising from the alter- 
nating potentials applied separately to the two opposite sets of electrodes, 
and its x and y components given as functions of time will be 


X =F cos wt 
Y =F sin ot. 


Here F is the maximum value of the field strength, in the small region under 
consideration, due to the potential applied across one of the two sets of 
electrodes. The total resultant field is a uniform electric field of constant 
strength F rotating with the constant angular velocity w. 

In order to find the motion of a particle suspended in the liquid and 
acted upon by such a rotating field, some assumptions must be made from 
both the electrical and the hydrodynamic standpoints in order to make the 
problem soluble and yet represent the facts fairly accurately. It is, therefore, 
assumed that the force acting on the particle due to the electric field is directly 
proportional to the field strength and that the equations of motion of the 
particle are 








d?x dx 
y, + B— = kX = kF cos wat 
dl? at 
. (1) 
d*y dy . 
A— + B— = kY = kF sinw 
dt? dt 


where A and B are constants. A represents the effect of the inertia of the 
particle and B represents the viscous drag of the liquid surrounding the 
particle. Solving these equations, neglecting the constant terms, and intro- 
ducing the initial condition that the velocity is zero when t= 0 we get 











—— es 
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x = Ro cosé6é sin (wt — 6) + Ro cos 6 sin de~**/ a" 2) 
(2 

y = — Ry cosé cos (wt — 6) — Rosin *be~**/tan 


where Ro=kF/Bw and 6=tan—'wA/B. 

Omitting the last or transient term in each of these equations, the path 
of the particle is seen to be a circle of radius R= Ry cos 6. The velocity of the 
particle is 

Rw = kF cos 6/B 


whereas, in cataphoretic measurements in a straight line it would be V 
=kF/B as seen from equations (1) and these two will agree within the 
limits of accuracy of our experiment if cos 6 is sufficiently near to unity. 
Now 6 is the angle by which the velocity vector of the particle lags behind 





Fig. 1. Initial position and final path of oil particle. Diameter of particle 2X10~ 
cm, field 225 volts/cm, frequency 21.5 r.p.s. 


the electric field vector. One would expect it to be quite small because for 
colloid particles one would expect A to be very small compared to B. Fortu- 
nately, there is a simple experimental method of determining cos 6 with just 





Fig. 2. Arcs of circular paths showing particles all of same sign but varying mobility. 


the accuracy required, for on putting ¢=0 in equations (2), it is found that 
the initial position of the particle is at a distance Ro from the center of the 
final circle of radius R. Long exposure microphotographs can then be taken 
in which the rotating field is not applied until the exposure is partly com- 
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pleted. The result is that the initial position and the final circle of the par- 
ticle are recorded upon the plate from which R and Rp» can be measured, 
whence cos 6= R/ Rp. 

Fig. 1 is an example of such a photograph for a particle of mineral oil 
in water. It is seen that the initial position lies almost exactly in the path 
of the final circle. From this and several other such photographs, it can be 
concluded that cos 6=1 within the limits of experimental error. 

If particles of opposite sign should exist in the same sol, these could be 
detected by exposing the photograph for only a fraction of a period of revolu- 
tion. Since particles of opposite sign must rotate in the same direction as 
the field but 180° apart in phase, they will produce ares of circles curved 
in opposite directions. Fig. 2 is a photograph taken in this manner of a 
mineral oil emulsion with particles ranging in size from 10~* to 10-5 cm. 


APPARATUS 


The apparatus consists essentially of three parts, the ultramicroscope 
and light source, the quartz cell (Fig. 3) containing the sol and electrodes, and 
the machine for producing the two phase A.C. potential (Fig. 4). 
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Fig. 3 a. Quartz cover glass with gold electrodes to produce rotating field. 
Fig. 3 b. Cross-section of cataphoretic cell with cover glass. 

















The quartz cell, with its mounting and the high power oil-immersion 
objective are the special equipment made by Zeiss for colloidal work, and 
were adapted with slight modification for this purpose. The light source, 
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used in connection with a cardioid condenser, consists of a pointolite lamp 
for visual observation and a carbon arc passing from 15 to 75 amperes for 
photographic work. 

The electrodes in the cell were formed by painting the proper design 
(Fig. 3a) on the under side of the cover glass with the gold paint used for 
decorating china and then heating in a furnace to 750°C. The cover glass 
with electrodes made in this way may be cleaned in hot cleaning solution 
without injury. Connection to the electrodes was made by strips of the 
gold paint which extend around the edge of the cover glass and connect to 
other painted areas on top. It was found necessary to grind the edges of 
the cover glass round and polish them in order to insure electrical connection. 
To these painted sections on top, connection is made directly by four spring 
clips which also serve to hold the cover glass firmly in place against the lower 
half of the cell. 
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Fig. 4. Two-Phase A.C. potential generator allowing independent 
variation of voltage and frequency. 


In this cell, it is found that the size of circles described by the colloids, 
and therefore the velocity of the particles, is not a function of the depth of 
the particle in the cell as is usually found in thin cells. This is due to the 
fact that the edges are free (Fig. 3b) and the endosmose can, therefore, 
move the entire layer of liquid in the center as a whole without causing 
pressures which will give rise to reverse currents. Bliih? made tests which 
seemed to show that endosmose could be entirely damped out by using a 
cell as thin as ours. Our results, however, indicate that the endosmose is 
only reduced and not entirely eliminated. In use, the cell thickness was about 
10u. 

A specially constructed machine was used for producing the A.C. poten- 
tial its principle being illustrated in Fig. 4. Thirty-six coils, each of proper 
resistance, were wound non-inductively on an old D.C. generator armature 
shaft from which the iron core and windings had been removed. The coils 
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were connected as shown to the seventy-two segments of the commutator 
so that, as one proceeds from segment to segment around the periphery, 
the resistance between the two diametrically opposite segments is a sine 
function of the angle. The coils were of No. 30 “advance” wire and in series 
they totaled 16000 ohms. When a D.C. potential supply is connected in 
series with them by means of slip rings and when the shaft is rotated at 
uniform speed, any number of sine function potentials may be obtained in 
any desired phase relation to each other by the use of sets of brushes properly 
spaced about the comutator. Two sets were placed 90° apart for the two 
phase. The advantage of this construction is that both the voltage and 
frequency of the A.C. potentials produced are variable over wide ranges and 
entirely independently of each other. 


RESULTs AND DiscussION 

If we calculate the mobility of particles as explained above, we get 
results in agreement with other observers. For instance, using a silver sol 
made by the Bredig method we find the mobility to vary between 2X 107 
and 4X10-*cm?/volt - sec. which is practically the same range of mobility 
as given in Bancroft’s “Applied Colloid Chemistry” for silver particles in 
water.® 

In order to test the effect of a variable speed on the diffuse electric double 
layer assumed to surround the particle, several photographs of the same 
particle have been taken on the same plate, first with the rotating field, then 
with a straight alternating field obtained by disconnecting one of the phases 
composing the circular field. In the first case, the path is circular and the 
speed of the particle is constant; in the second case, the path is a straight 
line vibration and the speed varies over wide limits. All photographs thus 
taken show that the amplitude of the straight line vibration is just equal to 
the diameter of the corresponding circle. This indicates that the distorting 
effect of the variation in speed on the distribution of the diffuse double layer 
and the consequent variation of the effective force on the particle due to the 
field is very small if it exists at all. A sample of such a photograph is repro- 
duced in Fig. 5. Furthermore, when several photographs are taken on the 
same plate of the same particle moving in circles with constant frequency 
but with different field strengths and consequently with different speeds, 
the diameters of the orbits are in the same ratio as the applied voltages, 
showing again that the variation in speed has no effect on the double layer, 
at least for the frequencies and voltages used. 

According to the tests described in this paper, the rotating field method 
must give correct values for the mobilities of the colloid particles. The single 
phase A.C. method, should also give correct values, since it agrees with that 
of the rotating field. Why, then, did Bliih? using the A.C. method find an 
increase in his measured mobilities with increasing frequencies. Using the 
same sol,—Bredig silver in distilled water,—as he used, we repeated and 
checked his results. However, the test which he made to show that endos- 


§ Bancroft, Applied Colloid Chemistry, p. 258. 
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mose was entirely eliminated did not seem conclusive. His peculiar results 
can be easily explained if we assume that there was some endosmose in his 
cell and that this motion was opposite in direction to the cataphoretic motion 
of his particles. Since the inertia of the liquid is relatively large, its oscil- 
latory motion, due to endosmose which tends to reduce the motion of the 
silver particles, would become less and less noticeable as the frequency 
increased. Consequently, at low frequencies the measured mobility would be 
too low, but it would approach the true mobility as the frequency increased. 
Thus, the measured mobility would increase with frequency. If this ex- 
planation be correct, then similar experiments using a colloid of sign opposite 
to that of silver should give a decrease rather than an increase in measured 
mobility with increasing frequency. This was tried out with a sol of Bredig 
copper in distilled water, and the result was a definite decrease in mobility 
with increasing frequency as was expected. Thus Bliih’s increase in mobility 
with frequency can be explained if the endosmose was not entirely eliminated 
from his cell as he assumed. 





Fig. 5. Paths of an oil particle in the rotating field and in each of 
the component A.C. fields. (Four exposures) 


Probably the most important result of this research is the observation 
that the mobility of individual particles as measured by the diameter of 
their orbits is not constant with time but fluctuates considerably. These 
fluctuations take place so rapidly that it is impossible to make quantita- 
tive visual measurements upon them. However, many hours of observation 
of the phenomena have yielded the following facts: 

1. Each particle has one definite size of orbit or speed in which it is most 
frequently observed. This orbit will be called the preferred orbit. It is the 
same order of magnitude for all particles from the smallest to the largest 
found in a mechanically stirred oil emulsion, though it is slightly larger for 
the larger particles in agreement with Mooney’s’ results. 

2. Particles are very rarely found in orbits larger than their preferred 
orbits—almost all of the fluctuations take place between the preferred orbit 
and zero. The fluctuations are apparently quite random. 

3. The amount and rapidity of these fluctuations depends upon the size 


® Mooney, Phys. Rev. 23, 396 (1924). 














1502 E. M. PUGH AND C. A. SWARTZ 


of the particles in much the same way as the Brownian motion depends upon 
the size. They are hardly perceptible in particles larger than 10~* cm diameter 
while the finest particles observable in the ultramicroscope fluctuate so 
violently that they seldom stay in any circle for one revolution. 

4. The same type of fluctuation is found in all sols observed. Emulsions 
of mineral oil, olive oil and turpentine in distilled water; Bredig sols of copper 
and silver in distilled water; and Zigmondy’s nuclear gold sol’ have been 
tried. 

Why does the mobility fluctuate? Fluctuations in the charge on the 
particle seems the most reasonable explanation but how can a particle sud- 
denly lose such a large charge. Calculations show that the change in charge 
necessary to produce some of the fluctuations observed must be at the very 
least several hundred electrons. It may be that the charge on all colloid 
particles is always fluctuating, or it may be that the strong electric field 
with the aid of an occasional heavy impact due to Brownian motion carries 
away some of the adsorbed layer of ions causing fluctuations in charge only 
while the colloid mobility is being observed. At present we cannot answer 
this question. 

The authors wish to thank Dr. R. A. Millikan under whose direction it 
has been a pleasure to do this work and also the American Petroleum Insti- 
tute for a grant which defrayed the expenses. During the latter part of the 
research one of the authors (E. M. P.) has been working as a National 
Research Fellow and wishes to express his gratitude to the National 
Research Council. 


7 Rinde, Diss. Upsala, p. 25 (1928) 
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SOME FERROMAGNETIC MATERIALS 
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(Received September 20, 1930) 


ABSTRACT 


The Hall effect and the magnetic properties have been measured simultaneously 
with considerable accuracy in K.S. magnet steel and in hardened high carbon steel. 
The Hall effect is found to be a single-valued straight-line function of the intensity 
of magnetization J, but is neither a single-valued nor a straight-line function of either 
the magnetic induction B or the magnetic field H. This is true on both the virgin 
curves and the broad hysteresis loops of these materials. The possibility of writing the 
Hall e.m.f. per unit current in a cm square as e=R,H-+R,/ is considered. In the 
materials measured here Ro is less than 0.005 R,. The formula may hold for non- 
ferromagnetic materials, but it could not be tested so simply. 


INTRODUCTION 


HORTLY after the discovery of the Hall effect it was found that 

ferromagnetic materials behave differently than paramagnetic and dia- 
magnetic substances. While the transverse Hall e.m.f.’s in the latter sub- 
stances are directly proportional to the magnetic field for all fields obtainable, 
in the ferromagnetic materials the direct proportionality holds only up to 
the region of maximum permeability.! Above that point the rate of increase 
of the Hall e.m.f. with the field decreases.’ 

Many attempts have been made to explain this phenomenon. Many 
of the early authors thought that in ferromagnetic substances the effect was 
proportional to the intensity of magnetization J rather than to the induction 
B, which is the quantity that is always measured. In fact, Kundt® in 1893 
made experiments on iron, nickel, and cobalt which showed this to be the 
case. At low fields he could not possibly distinguish between B and J; but 
at higher fields, near the saturation point of the material, his results are 
certainly good enough to show that the Hall e.m.f. is more nearly proportional 
to the magnetic intensity J than to either the magnetic induction B or the 
magnetic field H. 

This might have been expected since both the direction and magnitude 
of the Hall coefficient depends upon the materials in which it is measured. 
This seems to indicate that the Hall effect is a phenomenon more dependent 
upon the characteristics of the material than upon the applied magnetic 
field. However, we find that since that time most of the theoretical work 


* National Research Fellow. 

1 E. M. Pugh, Phys. Rev. 32, 824 (1928). 
2? A. W. Smith, Phys. Rev. 30, 1 (1910). 
3 A. Kundt, Wied. Ann. 49, 257 (1893). 
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has been based upon the assumption that the effect is caused by the action 
of a uniform field on the electric current in the material. 

Recently Smith and Sears‘ have found it possible to separate the Hall 
e.m.f. in permalloy into two components; one of which they consider due 
to J and the other to J//. 

The usual expression for the Hall e.m.f. E is 


E = RHI/t 
and this may be written 
Et/I = « = RH (1) 


where ¢€ represents the Hall e.m.f. per unit current in 1 cm square of the 
test piece, R the Hall coefficient depending upon the material and J/ the 
field strength in gauss. This equation holds for nearly all non-ferromagnetic 
materials, although, as the author' has previously pointed out, the /7 should 
be replaced by B, where 


B=H+4nlI (2) 


since it is the magnetic induction which is actually measured. While it 
might be legitimate to neglect the second member of (2) in non-ferromagnetic 
materials, where it is small compared to the first, it certainly is not legitimate 
in ferromagnetic materials. 

From the work of Smith and Sears, equation (1) for ferromagnetic ma- 
terials should be written 


e€=R.H+ Ril (3) 


where Ry is a constant which may be nearly independent of the material 
and R; is a constant which may have any value, either positive or negative, 
depending upon the material. 

As far as our experimental knowledge goes on non-ferromagnetic ma- 
terials, equation (3) might also be correct for them, for in them the quantities 
B, H and J are all proportional to each other. Therefore, the Hall e.m.f. is a 
straight line when plotted against any one of the three. 

If we are to develop a workable theory of these galvanomagnetic and 
thermomagnetic effects, of which the Hall effect is only one, we should first 
settle the question as to what part of these effects is due to H and what part 
is due to J. With this in mind, the following experiment was started to 
correlate as accurately as possible the Hall effect with the magnetic proper- 
ties of ferromagnetic materials. 

Since H is so small compared to J in most materials, it was decided to 
use some materials which were not easily magnetized so that H would be 
a larger proportion of B. It was also decided to use materials with wide 
hysteresis loops to see if the effect followed the same law on the loops as on 
the virgin curve of the material. The K.S. Magnet Steel which was kindly 
furnished by Professor Honda of the Imperial University at Tokyo, Japan 
was admirably suited for this purpose. 


4 Smith and Sears, Phys. Rev. 34, 1466 (1929). 
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METHOD 


The same general method was used as was previously employed by the 
author,’ though with many changes and refinements to obtain greater 
accuracy. This method measures the Hall effect in bars instead of sheets. 
It eliminates the uncertainties caused by the close proximity of the surfaces 
of the sheets to the interior where the effect is presumably taking place. 
This may be especially important with ferromagnetic substances which 
become polarized in the field, and thus have free poles on their surfaces. The 
method also makes it possible to measure the magnetic quantities in the 
material at the same time as the Hall effect is being measured. This is im- 
portant because the behavior of magnetic materials depends so much upon 
their previous magnetic history that we must know the magnetic quantities 
at the particular time when the Hall e.m.f. is measured. 

The experimental arrangement is illustrated in Fig. 1. A rectangular bar 
of the material to be tested was fitted into the pole pieces of an electro- 
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Fig. 1. Perspective diagram of experimental arrangement. 


magnet, which made it possible to magnetize the bar longitudinally in the 
x-direction. A steady current of from 50 to 100 amps. from a large bank 
of storage batteries was passed through the bar in the z-direction by means 
of the heavy copper electrodes W and W’. The change in the Halle.m.f. 
in the y-direction resulting from a change in the magnetization in the bar 
was measured by means of the Kohlrausch slide wire and high sensitivity 
galvanometer shown in Fig. 1. 

Hall e.mf. Any change in the magnetization in the bar causes a change 
in the Hall e.m.f., or a rotation of the equipotential surfaces in the bar about 
the lines of force, i.e. about the x-axis. Such a rotation changes the position 
of the contact on the Kohlrausch slide wire at which the galvanometer will 
not deflect. The change in position on the slide wire is then a measure of the 
change in the Hall e.m.f. The point on the slide wire representing zero Hall 
e.m.f. lies midway between the two points found by magnetically saturating 
the bar in opposite directions. Contact was made by two steel needles on 
each side of the bar. The needles were symmetrically spaced with respect 
to the center of the bar, 3 mm apart, and directly in line with the electrodes 
W and W’. 
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MAGNETIZATION 


Both the virgin curves and the hysteresis loops were obtained by the step 
by step method using a ballistic galvanometer to measure the magnetic 
induction B. The Hall e.m.f. was measured between each of these steps. 
The search coil was wound on the bar as close to the center as the contacts 
would permit. The period of the ballistic galvanometer was made as large 
as possible, and the instrument was used greatly overdamped to avoid errors 
due to the fact that for each change in the e.m.f., a finite time is required 
for the magnetization to reach its final value. A number of tests were made 
to determine the extent of this error, and it was found to be entirely negligible 
with the hardened materials upon which the conclusions from this experiment 
are based. In soft annealed materials the errors were not negligible. For this 
reason, and because the low resistance of these materials made the method 
of measuring the Hall e.m.f. quite insensitive, littke was done with such 
substances. 

The electromagnet was wound with five coils which were connected 
in series. It was arranged that each of these coils could be reversed separately 
to obtain the necessary changes in e.m.f. In this way, two important errors 
were eliminated which would have been present had the steps been pro- 
duced by changing the current in the coils. When the current is changed in 
a coil considerable time is required for it to reach its final value, for the 
temperature and resistance must change. This would cause grave errors in 
the step by step method of determining B. Also, in order to keep the tempera- 
ture sufficiently constant, it was necessary that the heat loss in the coils 
be kept constant. The magnet and test bar were immersed in a constant 
temperature insulated oil bath. 

The value of H can not be obtained directly. It was measured with a 
“saddle coil”® connected to the ballistic galvanometer. The “saddle coil” 
was made to fit over the test bar at the center. This method was chosen 
because it has been shown to measure the average value of H over the small 
section which it covers. It therefore approximated very closely the value 
of H where the Hall e.m.f. was measured. As a further check upon the 
absolute value of 7 in the test bars and upon the calibration of the “saddle 
coil,” the value of H was measured with an independently calibrated Chat- 
tock potentiometer.® 

RESULTS 

The results of this experiment on K.S. magnet steel are shown in Figs. 
2, 3, 4, and 5. Fig. 2 shows the Hall e.m.f., Z, plotted against H when the 
material was taken through a complete hysteresis loop. This E vs. H curve 
presents the same appearance as the usual B vs. H or I vs. H curves. In 
Fig. 3, the values of £ plotted in Fig. 2 are replotted first against B and then 
against (B—H). The E vs. B curve (points indicated by circles) is a very 
definite loop though quite narrow, while the E vs. (B—H) (points indicated 


§ Dictionary of Applied Physics, Vol. II Electricity, p. 464, 1922 edition. 
* Dictionary of Applied Physics, Vol. II Electricity, p. 467, 1922 edition. 
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by dots) curve is a straight line. It is seen from this that the Hall e.m.f. 
is not a single valued function of B, but it is a single valued function of 
(B—II) which is proportional to the intensity of magnetization. This is 
quite significant because it shows that the same intensity of magnetization 
undoubtedly produces the same Hall e.m.f. whether it is a residual intensity 
or an intensity produced by the action of an external field. In Figs. 4 and 5 
one of the many runs taken on the virgin curve of K.S. magnet steel has been 
plotted. In Fig. 4, E has been plotted first as a function of B (points indi- 
cated by dots) and second as a function of (B—H) (points indicated by 
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Fig. 2. Hall e.m.f. hysteresis loop for K.S. magnet steel. 


circles) just as was done in Fig. 3. The accuracy of the experimental points 
could not be well shown in Figs. 3 and 4, so the deviations of the points in 
Fig. 4 from their respective straight lines have been shown in Fig. 5. The 
run plotted in Figs. 4 and 5 was chosen because it was taken under the most 
favorable conditions ever obtained. The slight deviation of the second 
point from the straight line in each of these figures is undoubtedly an error 
because it does not show up on other runs. Runs were also made on the 
first part of the virgin magnetization curve of K.S. magnet steel. Here // 
is small and consequently the difference between B and (B—/JZ) is very little, 
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yet even in this case, when the Hall e.m.f. is plotted against B, a slight curva- 
ture can be detected which straightens out when plotted against (B—H). 

These results show that within the limits of error of this experiment on 
K.S. magnet steel the Hall e.m.f. is a single valued, straight line function of 
I, while it is neither a single valued nor a straight line function of either B or H. 
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Fig. 3. Hall e.m.f. hysteresis loop for K.S. magnet steel plotted against B and (B—#/). 


This is true whether the Hall e.mf. is measured on the virgin curve or on a 
hysteresis loop. 

The same tests were performed with a hardened high carbon steel (1.1 
percent carbon) and the results were just the same as with the K.S. magnet 


steel. 


Just recently Stierstadt’ has published an investigation of the change in 


7 QO. Stierstadt, Phys. Zeits. 31, 561 (1930). 
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electrical conductivity of ferromagnetic materials in longitudinal magnetic 
fields in which he also takes the materials around their magnetic hysteresis 
loops. He states that this change in resistance is a function of B and not of 
I, but the quantity which he measures and calls magnetic induction is 
actually intensity of magnetization. It seems that in ferromagnetic materials 
the change in resistance and the Hall effect are both functions of the in- 
tensity of magnetization rather than of the magnetic induction. One wonders 
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Fig. 4. Hall e.m.f. virgin curve for K.S. magnet steel plotted against B and (B—H). 


whether this might not be true of all the familiar galvanomagnetic and ther- 
momagnetic effects in ferromagnetic substances. 

Where the Hall effect is proportional to the intensity of magnetization 
it must mean that the part played by the uniform field is quite negligible. 
Is it not reasonable to suppose that if the uniform field plays a negligible 
part in the production of the Hall e.m.f. in some materials that it also plays 
a negligible part in others? Such an assumption would be difficult to test 
in paramagnetic and diamagnetic substances because in them the Hall 
e.m.f. gives a straight line whether it is plotted against B, H or J. It has been 
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possible to make the test in these ferromagnetic materials only because J 
and B are not proportional to each other. 

The recent work of Smith and Sears‘ in measuring the Hall effect on 
different permalloys differs from the results obtained here. They find that 
in all of their permalloys the Hall e.m.f. rises to a maximum and then de- 
creases to negative values with increasing magnetic inductions. This may 
mean, as must be concluded from their explanation, that in equation (3) 
R, is positive while Ry is negative and of the same order of magnitude as Rj. 
It may also mean that the annealed permalloys were not homogeneous but 
had segregated into two magnetically different components, which have 
Hall coefficients R, and R,’ of opposite sign. In which case the component 
having the positive coefficient reached saturation long before the one having 
the negative coefficient. 
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Fig. 5. Deviation from straight lines of the experimental points shown in Fig. 4. 


Let us consider the first explanation. No experiment can prove that 
Ry is zero. It can only be shown that Rp is or is not negligible compared to 
R,;. The best test in this experiment shows that Rp is less than 0.004 R,. 
It is conceivable that while in some materials Rp is negligible compared to 
R, this may not be true for others. However, if the absolute value of Ro 
had been as large in the K.S. magnet steel as it was reported to be in the 
permalloy of Smith and Sears, it should have been possible to detect it here. 
Now let us consider the second explanation which assumes segregation of the 
permalloy into two components when it is annealed. Permalloy is an alloy 
of iron and nickel. Iron has a positive Hall coefficient and nickel has a 
negative one. If segregation occurs, we might expect the two components 
to have opposite signs for their Hall coefficients. Elman® has found that 
certain alloys of iron, nickel, and cobalt, when annealed for a long time, have 


8 G. W. Elman, Bell Tech. Journ. July 1929. 
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peculiar magnetic hysteresis loops which may be very nicely accounted for 
on the assumption that the alloy had segregated into two or more magnetic 
components which act individually. He could not detect the segregation in 
any other way. Since the permalloys of Smith and Sears were annealed 
they might have been segregated into two such components. If these com- 
ponents reached saturation at different times the reversal of the Hall e.m.f. 
with increasing induction would be perfectly possible. It should be stated 
that permalloys are very hard to investigate in this way on account of their 
extremely high initial permeability. Stray fields such as that of the earth or 
of the current flowing through the sheet itself may nearly saturate the permal- 
loy when the applied field is apparently zero. This may help to account for 
the fact that the Hall e.m.f. vs. field curves of Smith and Sears depended 
so much upon the direction of the applied field. 

The author wishes to thank Dr. A. Goetz for his assistance in planning 
and div-ecting this research and Dr. W. V. Houston for his valuable sugges- 
tions. 
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Prompt publication of brief reports of important discoveries in physics may 


be secured by addressing them to this department. 


Closing dates for this depart- 


ment are, for the first issue of the month, the twenty-eighth of the preceding month; 


for the second issue, the thirteenth of the month. 


The Board of Editors does not 


hold itself responsible for the opinions expressed by the correspondents. 


The Molecular Field and Atomic Order in Ferromagnetic Crystals and in Hydrogenized Iron 


The molecular field postulated by Weiss 
to explain ferromagnetism is regarded by 
Becker! as mechanical in origin, representing 
the control exerted by strain within any 
portion of a crystal upon the direction in 
which that portion may retain its magnetiza- 
tion in the absence of externally applied 
More recently Becker and 
interesting 


magnetic fields. 
Kirsten? have 
experiments upon the magnetization of 
nickel under tension. They arrive at the 
conclusion that at least for applied fields 
much larger than the coercive force—which 
becomes as small as one or two gauss under 
their extreme conditions—the magnetiza- 
tion may be predicted quantitatively from 
the maximal magnetostrictive shortening of 
well annealed metal and the saturation in- 
tensity of magnetization, both of which 
quantities are sufficiently well known from 
previous experiments by others. Their ac- 
count of the effect of internal stresses over the 
cross-section of a wire specimen upon its 
magnetization is also very satisfactory. They 
point out, in the second foot-note to page 660, 
that the “extremely irreversible processes” 
observed in weak applied fields are not cor- 
rectly represented by Becker’s_ theory, 
magnetic changes being observed at field 
values which are less than the theory pre- 
dicts as necessary for their occurrence.® 

Two other recent notes which present 
apparently contradictory opinions regarding 
the molecular field are by Frenkel and Dorf- 
man‘ and by Akulov.’ In the former the 
energies of magnetization and of the quasi- 
magnetic separation of a crystal into ele- 
mentary regions magnetized in different 
directions are used in computing the minimum 
and average volumes of the magnetically 
saturated regions postulated by Weiss. In 


discussed some 


the latter it is argued that such magnetic 
saturation of small regions is incompatible 
with the observed magnetic behavior of iron 
macro-crystals, and that therefore the internal 
energy of partially saturated states must be 
nearly the same as that of the saturated state. 

A fourth position of interest in the present 
connection is that taken by Gerlach,’ who 
thinks that his own experiments and those of 
others are consistent only with the complete 
absence of magnetic hysteresis in perfect 
crystals of iron. Against this it may be urged 
that the losses in the _ poly- 
crystalline hydrogenized iron of Cioffi? are 
at least as low as in any mono-crystalline 


hysteresis 


iron yet described. 
My recent studies on magneto- and elasto- 


1 R. Becker, Zeits. f. Physik 62, 253-269 
(1930). 

2 R. Becker, M. Kirsten, Zeits. f. Physik 
64, 660-681 (1930). 

’It may also be mentioned, though the 
facts are not pertinent to the present dis- 
cussion, that the theory of the distorted 
dipole lattice, as the authors themselves state, 
predicts a magnetostriction of the wrong sign 
and amount, and that the similarity in the 
magnetic behavior of cold-worked and an- 
nealed specimens under great tension is not 
surprising in view of the fact that such tension 
is reported to have stretched the annealed 
specimen by as much as 10 percent. 

‘J. Frenkel, J. Dorfman, Nature 126, 
274-275 (1930). 

5 N.S. Akulov, Zeits. f. Physik 64, 559-562 
(1930). 

6 W. Gerlach, Zeits. f. Physik 64, 502-506 
(1930). 

7 P. P. Cioffi, Nature 126, 200-201 (1930). 
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resistance® have led me to suppose that the 
electrical resistance of a crystal in which the 
atomic magnets have been rendered parallel 
by magnetization or by mechanical strain is 
sensibly the same whether the magnetic axes 
of the elementary magnets all point in one 
direct ion—corresponding to magnetic satura- 
tion—or point indifferently in either direction 
—corresponding to magnetic neutrality. The 
two states have been distinguished in a paper 
before the American Physical Society® as, 
respectively, “magnetic” and “mechanical” 
atomic order. This distinction affords a con- 
venient starting point for a more precise 
treatment of ferromagnetism which may 
lessen the confusion of opinions noted in the 
papers first referred to herein. 

In agreement with Becker, then, we may 
regard the molecular field of Weiss as wholly 
mechanical in origin.'° Since however the 
strain tensor does not fix the direction of the 
magnetic vector we will suppose that a given 
strain may in the absence of an applied mag- 
netic field be associated with any degree of 
magnetization, of either sign, in the preferred 
direction. We must also suppose that the 
differences in internal energy between the 
various magnetic complexions associated with 
a given strain are small in comparison with the 
energy of the strain. This is the more likely 
because we know that the electrical resistance 
and the length in the direction of alignment 
are almost unaffected by changes in mag- 
netization under these special conditions. 
This amounts to saying that the reversal of 
an atomic magnet involves little change in 
the internal energy of the crystal to which it 
belongs. 

We differ from Akulov in supposing that 
an atomic magnet can pass from one strain- 
favored direction to the other without 
necessarily dissipating the energy required 
per atom in changing the common directicn 
of all the atomic magnets from the initial 
direction to an intervening position for which 
the internal energy is greater. Akulov, for 
example, sets the minimum hysteresis loss 
per cycle for reversal of magnetization along 
a <100> direction at twice the energy 
difference for complete magnetization along 
<110> and <100> directions. This loss, 
as Akulov points out, is absurdly too great. 
We avoid his difficulty by denying that in 
the reversal of magnetization along a <100> 
direction the assemblv of atomic magnets 
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ever has any other common direction. We 
are thus able to go through cycles of mag- 
netization without working 
molecular field. 

We cannot, however, go as far as Gerlach 
does in denying hysteresis losses altogether. 
The reversal method of changing magnetiza- 
tion must still involve some dissipation of 
energy because for one thing, there must be 
resultant eddy currents in the adjacent metal. 
This loss will not depend upon the frequency 
of traversing the cycle if, as seems safe to 
assume, the reversals are as quick as other 
atomic energy jumps. We will therefore 
regard the low values of coercive force which 
Gerlach and others have attained as closely 
approaching the limit to which perfect 
atomic order would permit us to go. The low 
values of coercive force reached by Becker 
and Kirsten by stretching nickel are still far 
higher than this limit, and indeed, the strains 
under even their extreme stresses must have 
been far from homogeneous on an atomic 
scale. The imperfections of real crystals 
may prevent our ever quite attaining the 
ideal case by purifying and annealing. 

If these hypotheses are correct the calcula- 
tions of Frenkel and Dorfman, which depend 
for their validity upon magnetic saturation 
of each elementary region, are no longer valid. 

The effect observed by Cioffi is distinctly 
more puzzling. It is suggested as. possible 
that hydrogen dispersed throughout the 
lattice of iron crystals—not at lattice points— 


against the 


§L. W. McKeehan, Phys. Rev. [2] 36, 
948-977 (1930). 

*L. W. McKeehan, O. E. Buckley, Phys. 
Rev. [2] 33, 636 (1929). 

‘0 This opinion has, of course, been held 
by others than Becker. My first explicit 
statement of the hypothesis was made in 
connection with the magnetostriction of 
permalloy—Phys. Rev. [2] 28, 158-166 (1926) 
—where I said: “The more or less random 
stresses in ordinary metals would, in accord- 
ance with the views here expressed, do that 
for which this molecular field [of Weiss] was 
evoked, for they would in the case of all but 
favorably oriented atoms tend to maintain 
the established direction of magnetization 
against small disturbances, and thus confer 
upon magnetization that stability which the 
simple interaction of freely turning magnets 
cannot furnish.” 
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may act catalytically in the following way. 
Some of the iron atoms immediately adjacent 
to hydrogen atoms are thereby strained in a 
manner that favors increase in magnetization 
by their reversal along the direction of the 
applied field. We know nothing of the manner 
in which hydrogen atoms conduct themselves 
in iron at room temperature but it is at least 
possible that a single hydrogen atom may 
wander about sufficiently to strain in the 
favorable way a great many iron atoms in 
succession at each low value of the applied 
field. If this is the process involved the 
hydrogen atoms must repeatedly lose their 
energy of thermal agitation and therefore 
the iron must be cooled during the process and 
the energy must be supplied from outside by 
thermal conduction and by the magnetic 
field. If, as is the case, the reduction of area 
of the hysteresis loop is by more than 50 
percent there will be a net cooling during 
each cycle, the hydrogenized iron being a 
refrigerating engine worked by cyclic magneti- 
zation. Experiments with alternating mag- 
netic fields should be competent to fix not 
only the amount of cooling integrated over 
many cycles, but also the time interval re- 
quired for the complete promotion of mag- 
netization at each increment in magnetic field 
by the necessary random migration of hydro- 
gen atoms. This explanation would be much 
more fanciful if we had not recently learned 
from the experiments of Ellwood" that cooling 
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may occur at certain stages in a hysteresis 
cycle and that the heat developed in the 
whole cycle may be less if the cycle is tra- 
versed in many that there are 
periods of ageing under the important ap- 
plied fields. In Ellwood's case, carbon, not 
hydrogen, is known to have been present, and 
carbon is also known to enter the lattice of 
iron not at lattice points but by crowding 
into interatomic spaces. 
in iron at 


steps so 


Its diffusion rate 
temperature 
expected to be much less than that of hydro- 
gen. 


room would be 


On these views the possible ways in which 
magnetization may change are two (1) by 
reversals, without sensible magneto-resistance 
changes or magnetostriction, and with small 
but definite hysteresis losses probably closely 
conditioned by electrical conductivity and 
(2) by rotations through less than 180°, with 
magneto-resistance and magnetostriction, 
with hysteresis losses of important amount 
largely controlled by mechanical strains in- 
herent or induced by applied stresses, and 
possibly subject to catalytic acceleration. 

L. W. McKEEHAN 

Sloane Physics Laboratory, 

Yale University, 
October 15, 1930. 


1 \W. B. Ellwood, Phys. Rev. [2] 36, 1066- 
1082 (1930). 


The Wave Mechanics of Defiected Electrons 


In a comment! on Leigh Page’s paper? on 
the deflection of electrons by a magnetic 
field | made the statement that Kennard* 
had proven that the mean radius of curvature 
of a cathode ray is given by the same formula 
as the curvature of the path of a classical 
electron. Several people have called my 
attention to the incorrectness of this state- 
ment: what was actually proven is that the 
path of the centroid of a wave-packet is 
given by the classical equations of motion 
of an electron. Page’s calculation of p by 
interpolation is also justifiable, contrary to 
my statement. 

While admitting these mistakes in my 
letter, I still wish to maintain that the 
difference between (e/m)aes) and (e/m)sp 
cannot be explained as a difference between 
wave and classical mechanics. The heuristic 


argument supporting this proposition is 


simple: the only cause which might produce 
such a discrepancy is diffraction, and since 
the de Broglie wave-length is so small com- 
pared to slit-widths, radii of curvature, 
inhomogeneities of field, etc., even this cause 
cannot be operative. Unfortunately there is 
no rigorous proof of the non-existence of other 
causes and therefore the following considera- 
tions may carry more weight. 

Most deflection experiments consist in 
determining the centroid of a wave-packet of 
electrons. The correctness of Page’s value 
for p is beside the point in these cases and 
Kennard’s results are immediately appli- 


1 Carl Eckart, Phys. Rev. 36, 1014 (1930). 

2 Leigh Page, Phys. Rev. 36, 444 (1930). 

3 E. H. Kennard, Zeits. f. Physik. 44, 344 
(1927). 
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cable.* The method by which Wolf®, obtained 
the value of (e/m)aer: Which Birge considered 
most reliable belongs to this class. It involves 
the simultaneous deflection of a cathode ray 
by a rotating electric field and a stationary 
homogeneous magnetic field. The rotation 
of the electric field during the time the ray is 
under its influence is so small that it may be 
neglected; the physics of Wolf's method thus 
differs from the more usual one only in that 
the ray is defined by an opaque cross-hair 
rather than by a slit. Such a cross-hair 
produces a wave packet of “absence of elec- 
trons” which obeys the same laws as the 
more usual packet of “presence of electrons.” 
This may be seen as follows: let y be the 
wave function on the cathode side of the 
cross-hair, ¥’ on the other side. The function 
y may be analytically extended beyond the 
cross-hair as though the latter were not 
present; then y’’=y—y’ will satisfy the wave 
equation and represent a beam of electrons 
originating at the cross-hair. If this solution 
could be realized physically, it would produce 


wn 
— 
uw 


an image on the fluorescent screen which is 
the negative of that observed by Wolf. From 
Kennard’s results it follows immediately that 
classical formulae may be used throughout. 
CaRL ECKART 
Ryerson Physical Laboratory, 
University of Chicago, 
October 17, 1930. 


‘It is surely a quibble to insist that Ken- 
nard’s results apply only to wave packets 
which are small in all directions and not to 
Ray 
solutions of the wave equation can be built 
up by superposition of packet solutions, and 
the component packets will not disturb one 


the long rays which are actually used. 


another if the radius of curvature of the ray 
is large compared to the de Broglie wave- 
length. For exceedingly long and very narrow 
rays the “diffusion” of the packets would also 
play a role, but neither of these complica- 
tions is to be feared under the usual condi- 
tions. 


5 F, Wolf. Ann. d. Physik 83, 867 (1927). 


The Non-Statical Solution of Einstein’s Law of Gravitation in a Spatially Symmetrical Field 


In a spatially symmetrical field, I define 
the line element as, 


ds? = hi(r, t)d? — 


a 


7 { he (r, t) dr? + h3(t)rde? 


+ hy(t)r? sin? 6d¢? } 


where the h’s are functions to be determined 
by the Einstein's Law of Gravitation Guy =0, 
where the c is the velocity of light, and where 
r,9, @, tare the ordinary spherical coordinates 
and time. 

The solution is obtained directly from the 
differential equations Guy =0, and it is finally, 
df? 1 


(l-i/T? @2 


ae 
j 


ast = }1- 
r(1—t/T) 


1—1/T)? it = ] 
} ( r(l —?t/T) . 
+ de + 7° sin? ade 


where T is a constant which, as will be seen 
from my paper, has been called the boundary 
of time or the disintegrating factor and m, 
nearly a constant, decreases slowly with the 
time. The manuscript is now in preparation 
and will be ready for publication within a 
month. 
Hsin P. Sou 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts, 
October 11, 1930. 
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BOOK REVIEWS 


The Physical Principle of the The Quantum Theory. W. HEISENBERG. Pp. 186, figs. 19. 
University of Chicago Press, 1930. Price $2.00. 

Die physikalischen Prinzipien der Quantum theorie. WW. HEISENBERG. Pp. 117, figs. 22. 
Hirzel, Leipzig 1930. Price R.M. 8.50. 

One might have known that Heisenberg would not write a conventional textbook; and he 
has not. In his Chicago lectures, now published in a small book both in English and in German, 
there is no intention of teaching the principles of quantum theory to one who does not know 
them. The lectures are rather addressed to one who has studied the mathematical side of the 
theory, who understands its conventional applications to problems, but who has never stopped 
to ask what it was all about, just what were the physical ideas behind it. There are too many 
such; and it is fortunate that one of the authority of Heisenberg, and one who has contributed 
so many of the ideas himself, should have taken the trouble to work out the theory of many 
elementary but illuminating problems. 

The book is deceptive. It starts with descriptions of some single experiments, illustrating 
the parallel concepts of wave and particle. Its table of cou. -nts, its general arrangement, 
suggest a simple book: after the introduction, the chapters deal with critiques of the physical 
concepts of the corpuscular theory, and then of the wave theory; with the statistical inter- 
pretation of quantum mechanics; and with a discussion of important experiments. Following 
these is the mathematical appendix, more voluminous in the English than in the German, and 
suggesting that the main body of the book can be read without following the mathematics. 
But this is unfortunately not the case. Much of the mathematical theory has found its way into 
the elementary parts, so that one who was not familiar with the mathematical tackground 
would have constantly to refer to the appendix. There seems to be no intermediate way of 
reading the book between a rapid but superficial scanning, which, it is true, yields most of the 
interesting ideas, and a careful study. The latter is amply repaid, however, for Heisenberg 
has assembled and developed mathematical treatments of many of the advanced parts of 
quantum mechanics, greatly superior to those which have appeared before. As one would 
expect, the discussions of general matrix and transformation theory, and of electromagnetic 
fields, are particularly valuable. This mathematical material will probably prove for many 
readers to be almost as useful as the discussions of the physical meaning of quantum theory. 

J. C. SLATER 


Modern Physics. A General Survey of its Principles. THEopor Wt LF, S. J. Translated 
from the second German Edition by C. J. Smith, Ph. D., M. Sc., A. R. C. S. 468 pages with 202 
diagrams. E. P. Dutton and Company. $10.80. 


This book is written by an obviously good teacher; the translation is all that could be 
asked. 

In his introduction Father Wulf states that his book has been written for readers who are 
not technical experts but desire to obtain an insight into the realm of physics. Particularly 
(he implies) is it written for those of philosophic bent. The result is a text book covering the 
entire field of physics and yet differing in its general scheme and on every page from the usual 
elementary text. 

The book is divided into four parts: The Material World, The Atomic Structure of Matter, 
The Structure of the Atom, and the Physics of Aether. Under these headings the writer is able 
to present the fundamental principles of classical physics and yet to devote much of the book 
to more recent views. The viewpoint is quite unusual. Very clearly the fundamental laws of 
mechanics are presented, a chapter is given to the three laws of thermodynamics, and the 
nature of the electromagnetic wave is elucidated; though all of this is done with simple illustra- 
tion, machines, locomotives and motors are not mentioned in the index. The book is not 
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mathematical and no numerical problems are solved; yet the author does not hesitate to use 
exponential and trigonometric functions when the subject demands. Concreteness of example 
and occasional ingenuity of presentation makes for clarity. The historical setting is continu- 
ally presented. The book fairly bristles with names (in black type) of those who have carried 
on, from Democritus to Heisenberg. Too often in textbooks results are presented as fait ac- 
compli with little sympathy for their gradual development. Here we frequently see the matter 
through the eyes of the pioneering experimenter. Introducing radioactivity he says: “Owing 
to the newness of this type of phenomenon... . all attempts to account for them were at- 
tended by considerable difficulties. ... . The following facts, however, played a very decisive 
role in the development of a theory which would explain radioactive phenomena.” There is 
no dogmatism; a chapter usually ends with a question left for the future to settle. 

The style is rather conversational. Exception can be taken to statements at times and 
non sequiturs occur. It is not evident to the reviewer that the second law of thermodynamics is 
far greater than the first nor that this second law would be of little importance if it only pre- 
dicted in which way a reaction would proceed. Relativity is stressed throughout the book 
but always with the writer's eye upon the undiscoverable absolute. However the subject matter 
is in its nature debatable and the attitude of the author is non-dogmatic. The book has many 
diagrams but a few half tones would add to its attractiveness. The publishers believe that the 
book is suited to nontechnical readers among the general public. The reviewer feels that it 
has a place in second year college courses in Modern Physics, where something of the idealistic 
truth seeking attitude of the jayysicist should be seen through the intricate maze of his revolu- 
tionary discoveries. 

Unfortunately the cost of the book is nearly prohibitive for elementary text book use but 
it would seem probable that the cost would be reduced if there were any considerable demand 
for the book. 


Joun A. ELDRIDGE 


An Introduction to Mechanics. J. W.CampBe.i. Pp. 384, figs. 154. Houghton Mifflin 
Company, Boston, 1929. Price $3.50. 


Teachers of mechanics courses for sophomore and junior engineers will find this text useful. 
It is, however, not purely an engineering text, stressing practical applications, but instead, 
we find emphasis on the fundamental concepts in mechanics. For example, the three laws of 
motion are treated as axioms and definitions, and care is taken that definitions will have mean- 
ings in terms of measurable quantities. 

Calculus is used throughout the book, although in an elementary way in the first half of the 
book. The author suggests that a course in calculus may be started at the same time the work 
in this book is started. The student is taken by this text up to the point where he may profit- 
ably begin the study of the methods of Lagrange, Hamilton and Jacobi. 

Numerous problems are given with an occasional numerical example worked out. Among 
the appendices on methods of calculation, mathematical theorems, etc., we note particularly 
one on the “Relative Character of the Center of Gravity.” 

J. W. Bucuta 


The General Properties of Matter. F. H. Newman anp V. H. L. SEARLE. Pp. 388, figs. 
113. Macmillan Company, New York, 1929. Price $5.50. 


The reviewer was particularly pleased with the opening sentence of the first paragraph 
Weight and Mass. “The mass of a body, usually described as the quantity of matter in it, is 
one of the fundamental entities which are more easily understood than adequately defined.” 
Other points noted in the first chapter, which are seldom so explicitly stated, were that the 
first two laws of motion “may be regarded as definitions,” that the third “contains a principle 
of great importance” that we separate physical quantities into scalar and vector quantities 
because of the different manner of adding them, that “it is possible to have angular acceleration 
at constant angular speed.” 

In the second chapter on The Acceleration of Gravity we find among the sixteen para- 
graphs the following three, which indicate the manner of treatment, Corrections applicable 
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to the Use of the Compound Pendulum; (a) Finite Arc of Swing, (b) Air Correction, (c) Curva- 
ture of Knife-Edges, (d) Yielding of the Support; Eétvés Balance, Acceleration of Gravity 
at Sea. 

Chapters following are on Gravitation, Gyroscopic Motion and Elasticity, in each of 
which are found topics seldom treated in general tests. The book, however, is not limited to 
the chapter headings usually found in texts on mechanics. There is a chapter of fifty four-pages 
on Surface Tension, in which Gibbs’ phase rule is developed and applied and the work of Hardy, 
Harkins, Langmuir and others on surface phenomena is discussed. 

In the chapter on Viscosity are described various methods of measuring viscosities of 
liquids and gases. A discussion of lubrication is given. This is followed by chapters on the 
Kinetic Theory of Matter and Osmosis and Diffusion with a short one on Fourier’s Theorem 
and Fourier’s Series interposed. 

The last part of the book deals with various types of differential equations as they are used 
in mechanics and hydro-dynamics, including vibrations, free, forced, and those with large 


amplitudes; also a chapter on Wave Motion in Liquids. The clesing chapter is on Units and 


Dimensions. 

The mathematical steps are generally given very completely. Vector methods are not 
used. A bibliography stressing the historical aspects is given at the end of each chapter. A 
good index is supplied. Some paragraphs would have been improved by small additions, for 
example, in discussing forced simple harmonic motions with damping, “maximum resonance” 
is defined as the condition giving maximum kinetic energy, that is, when the natural frequency 
without damping is equal to the frequency of the applied force. Put the student is not warned 
that this condition does not give maximum amplitude, which it is often erroneously thought to 
do. 

The book will probably fit exactly the requirements of very few courses given in American 
universities, since it covers a number of topics usually given in separate courses. But with the 
tendency to crowd out the courses on classical physics with those on modern physics, a course 
based on this book may be a way of getting the student in contact with these older subjects 
without the expenditure of too much time on the more detailed courses. In any case, the book 
appears to be ideal for general assigned reading for graduate students and for review in prepara- 
tion for degree examinations. 


J. W. Bucnta 





